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Preface to the second edition 


Since the first edition was published there have been changes in the content 
of the pure mathematics syllabuses of the various examining boards. The most 
important was the recent agreement by an inter-board committee to draft 
a national ‘common core’ in mathematics. While the final form has not yet 
(1982) been approved formally by all boards, it is intended that it should 
eventually be featured in the syllabuses of all GCE boards who will however 
be free to add extra topics as they wish. This common core will give a basis 
for comparison between the various syllabuses but it is not intended that 
the boards will set common questions. At the same time, the Joint Matricula- 
tion Board will have (from 1984) rationalised their mathematical syllabuses 
into: Pure Mathematics I and II, Mechanics I and II, Applied Mathematics 
I and II and Statistics. Candidates can offer selected combinations of two 
of the papers as a single mathematical subject. The Associated Examining 
Board already have, effectively, a pure mathematics paper I which is common 
to their subjects Mathematics: 636 (Pure and Applied), 646 (Pure with 
Statistics), 632 (Pure) and 647 (Pure with Computations). 

This edition covers the contents of the common core and virtually all of 
the extra pure mathematics included by each of the various boards in their 
syllabuses which are equivalent to that of the JMB’s Pure Mathematics I. 

Two new chapters have been added: Numerical Methods and Vectors. The 
remainder and factor theorems, graphical solution of y = acos@ + bsin@ and 
angles between lines and planes have been introduced in the appropriate 
places, the work on polar co-ordinates has been extended and the introduction 
to the calculus has been rewritten. To allow space for these the sections on 
co-ordinate geometry have been revised and condensed and one or two minor 
topics, such as linear equations in one unknown, have been deleted. 

In addition, the general lay-out has been improved and many of the original 
questions from the examination papers of the Joint Matriculation Board and 
London University have been replaced with recent ones. Also questions set 
by the Oxford, Associated Examining and Cambridge Boards have now been 
included. A large number of worked examples remains a feature of the book 
and there are plenty of exercises for the student to develop and test his or 
her skills. A candidate studying on his or her own is recommended to obtain 
a copy of the appropriate syllabus and copies of immediate past examination 
papers to check that all topics are covered. 

Finally, we are grateful to the Joint Matriculation Board (JMB), the London 
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University Entrance and Schools Examinations Council (LU), the Associated 
Examining Board (AEB), the Oxford Delegacy of Local Examinations (O) 
and the Cambridge Local Examinations Syndicate (C) for granting us per- 
mission to use questions from their more recent examinations. The abbrevi- 
ations shown have been used to indicate the source of such questions. 
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Preface to the first edition 


This is a textbook of pure mathematics written to meet the needs of the 
student studying for the General Certificate of Education at Advanced Level. 
The book assumes a knowledge of mathematics up to Ordinary Level and 
covers all the pure mathematics necessary for the Advanced Level examina- 
tion in mathematics (A26), of the Northern Universities Joint Matriculation 
Board, together with the great majority of the work required for the Advanced 
Level examinations of the Southern Universities Joint Board, the Welsh Joint 
Committee and London University. 

The teaching method adopted is for the most part that suggested by the 
various reports of the Mathematical Association. The emphasis throughout 
has been on technique, although we have tried to indicate where a particular 
result needs more rigorous justification than is given in this book. In this 
way, we hope that all students can progress quickly in the understanding 
and application of these techniques without the hindrance of having to justify 
everything they do. This latter step comes at a later stage in their mathematical 
development. 

For convenience, the book has been prepared in the order algebra 
(Chapters 1-5), trigonometry (Chapters 6-8), calculus (Chapters 9-16), and 
co-ordinate geometry (Chapters 17-20), but this is not to imply that the 
chapters should be read in this order. For the student at school, this will 
be decided by the teacher; for the student working alone, we would recom- 
mend an advance on a broad front through Chapters 1, 3, 6, 9, 10, 12 (the 
first two sections), 13, 17, 18. This lays the foundations for all the main topics 
and this broad advance can then be maintained. We would suggest that each 
of Chapters 7, 11, 14, 15, 16 and 20 be read in at least two stages. Not only 
will this make for easier digestion of the many ideas and techniques discussed 
in these chapters, but will also provide for constant revision and extension 
of this material. 

The book includes over 350 worked examples and about 1800 examples 
for the student to solve. The worked examples indicate the main applications 
of the ideas and techniques discussed. The exercises set at the ends of the 
sections within the chapters are for the most part fairly straightforward. 
All our readers should attempt these exercises. The exercises at the ends of 
the chapters are a ‘mixed bag’. Some are of a routine type, others are more 
testing; many are from past papers set by the various examining boards. 
Finally, there are some (indicated with an asterisk) which are ofa more difficult 
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nature. The student should not be too dismayed if he is unable to solve all 
of these. 

For convenience, the results and formulae obtained have been labelled, 
the first number of the label identifying the chapter in which the result is 
derived. Thus formula 10.7 is the seventh result obtained in Chapter 10. 
It is not suggested that all these formulae be memorised. 

We should like to express our thanks to the Joint Matriculation Board 
(JMB), the Southern Universities Joint Board (SUJB), the Welsh Joint Com- 
mittee (WJC) and London University (LU) for granting us permission to use 
questions from their examinations in this book. The abbreviations above have 
been used to indicate the source of such questions. 

Finally, we should like to thank our publishers for the care and trouble 
they have taken over the general presentation of the text. 


BDB 
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1 
Operations with real numbers 


1.1. The real numbers 


Algebra is concerned with operations with numbers and we shall begin with 
a brief review of these operations and the numbers involved. 

The first set of numbers usually encountered is the set of positive integers 
including zero: 0, 1, 2, 3,.... These by themselves are insufficient for the 
solution of many actual problems and need to be supplemented by fractions 
which can all be expressed in the form a/b, where a and b are positive integers 
(b non-zero). This set of numbers includes the positive integers which arise 
when b = 1. 

The solution of a particular problem might require the solution of the 
equation x +a = b. If a is greater than b, in order to interpret the result 
x = b—a, we need to extend our number system to include negative numbers. 
The integers are then the set 


...—3, —2, —1, 0, 1, 2, 3, 4,... 


and the rational numbers (fractions), which include the integers, are of the 
form a/b, where a and Db are integers (b non-zero). 

There are still quantities which cannot be expressed in terms of the rational 
numbers. For example, the length of a diagonal of a square of side 1 unit 
is ,/2 units, and ,/2 cannot be expressed in the form a/b, where a and b 
are integers. Tables of square roots show ,/2 © 1-414 = {99 but this is only 
an approximation to the value of ,/2, as the squaring of 1-414 will soon show. 
This property is not unique to ,/2; /3, /5, 3/1-6, 3/11-61, etc. all have the 
same property. These numbers are examples of algebraic numbers. They are 
all of them solutions of algebraic equations which involve only rational 
numbers. ,/3 is a solution of x? = 3, ¥/1-6 is a solution of x? = 1-6, ¥/11-61 
is a solution of x> = 11-61, etc. 

There are still other numbers which do not fall into any of the categories 
mentioned so far. Such numbers, of which 2(* 3-142), log,,2(+0-301), 
sin 74°(~0-9613) are but three examples, are called transcendental numbers. 
Our system of real numbers with which we shall be mainly concerned, will 
consist of the rational, algebraic and transcendental (irrational) numbers. 

It is often convenient to represent these numbers by points on a line 
(Figure 1.1), letting 0 be an origin on the line x’x. Conventionally, we let 
points to the right of 0 represent positive numbers and points to the left of 
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0 represent negative numbers. Points on the line distant 1 unit, 2 units, ... 
to the right of 0 will represent the numbers 1, 2, 3,.... Points on the line 
distant 1 unit, 2 units ... to the left of 0 will represent the numbers — 1, —2, 
—3,.... The rational numbers will be represented by intermediate points. 
x —+—+ 4—4-+-_+—— x 
—3 -2 -1 0 1 2 3 
Figure 1.1] 





The set of integers (positive, negative and zero) is often referred to collec- 
tively by the symbol Z, while the set of all real numbers is referred to by 
the symbol R. 

The fundamental operations of algebra are addition and multiplication. 
Subtraction can be regarded as the addition of the corresponding negative 
number, and division as multiplication by the reciprocal. We are all familiar 
with these operations, although it is perhaps worth reminding ourselves of 
the fundamental laws governing these operations. 

If a, b, c are any three real numbers: 


I a+b=b+a, the commutative law of addition 
II (a+ b)+c=a+(b+c), the associative law of addition 
III_ ab = ba, the commutative law of multiplication 
IV (ab)c = a(bc), the associative law of multiplication 
V a(b+c) =ab+ ac, the distributive law of multiplication and addition. 


1.2 Equations 


Readers will already be familiar with the solution of simple equations and 
quadratic equations involving one unknown, as well as with pairs of simple 
simultaneous equations. 

For the equation ax + b = 0, where a and b are real numbers 


b 
Ske (1.1) 
a 
For the equation ax? + bx +c =0 
_ —b+J(b? — 4ac) 
~ 2a 


In more complicated situations, one has to use one’s native wit. The 
following examples illustrate some useful techniques. 


(1.2) 


Example I Solve the equation x? $2x 445-5 = 0. 
With z = x? + 2x 
Pe en, 
2 
z?7—4z7+3=0 
(z — 3)(z-—1)=0 


z=1 or 3 


Equations 


With z = 3 
x? 42x =3 
x?+2x—-3=0 
(x + 3)(x — 1) =0 
x=-3 or x=1 
With z = 1 


x?+2x—-1=0 
ee D2 EVE = 4 x) x (0) 
2 
—2+,/8 _ -2+2/2 
2 2 
=-1+/2 
Therefore, the solutions are 1, —3, —1+ “f: 2, -—1- J 2. 
Example 2 Solve the equation 
V(4—x) — (6 + x) = J(14 + 2x). 
Squaring both sides, we have 
4—x+6+x—2/[(4—- x6 +x)] = 14+2x 
—2,/[(4 — x)(6 + x)] = 44 2x 
—/[(4—x)(6+x]=24+x 
Again squaring both sides, we now have 
(4—x)(6+x)=4+4x +x? 
24—2x—x?=44+4x4+x? 
2x? + 6x — 20 =0 
2(x + 5)(x — 2) =0 


x=2 or x=-—S 








It is easy to see that it is only the value x = —5 which satisfies 
the original equation. x = 2 is a solution of the equation V(4 —x)+ J(6 +x) 
= /(14+ 2x). If we square both sides of this equation, we obtain 
J[(4 — x)(6 + x)] = 2+, which in turn leads to 2x? + 6x — 20 =0. The 
original equation gave —,/ [(4 — x)(6+ x)] =2+x but when we square, 
the distinction between the two cases is lost. Thus we must always verify the 
correctness of our solutions after we have carried out such operations. As 
a trivial example, consider the equation 2x = 2 which has solution x = 1. 
If we square both sides, we obtain the equation 4x? = 4, ie. x? = 1 which 
has solutions x = 1 or x = —1! 


We shall assume that readers are familiar with the procedure for the 
solution of a pair of linear simultaneous equations in two unknowns. The 
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solution of two equations in two unknowns when one or both of the equations 
contain quadratic terms is a more interesting problem. We first consider two 
cases where a systematic method of solution exists. 


Example 3 Solve the equations x + y = 3, x? +xy+2y?+x+2y = 12, 
in which one equation is linear and the other quadratic. 

We use the linear equation to express one unknown in terms of the other. 
Thus we have 


x=3-y 


We now substitute this expression for x into the second equation to obtain 
a quadratic equation for y. Thus 


(3 — y)? +(3— yy + 2y? + (3 —y) + 2y = 12 
9—6y+ y? + 3y—y? + 2y?+3-—y+2y = 12 
2y?-—2y=0 
y(y—1)=0 
y=0 or y=1 
When y = 0, x = 3; when y = 1, x = 2 (since x = 3 — y). Thus the solutions 
arex=2,y=1;x =3, y=0. 
We could, of course, have used y = 3 — x and obtained an equation for 
x on substituting this into the second equation. 


Example 4 Solve the equations x? — y? = 3, 2x? + xy — 2y? = 4, in which 
the terms involving the unknowns are all quadratic in both equations. 
The solution can generally be obtained by writing y = mx and proceeding 
as follows. 
The equations can be written 
x*(1 — m?) = 3 
x?(2 + m— 2m?) =4 


By division 


4 — 4m? = 6 + 3m — 6m? 
2m? — 3m—2=0 
(2m + 1)(m— 2) =0 
m=2 or m=—} 


With m = —4, we have 3x? = 3. Therefore 


x7=4 ie x= +2 


The corresponding values for y are +1 (since y = mx). With m = 2, we have 
x?(— 3) = 3; therefore, x? = —1, and this equation has no solution in the 
domain of real numbers. Thus, the solutions are x = 2, y= —1;x = —2,y=1. 

It is not usually possible to give general procedures for the solution of 
simultaneousequations which do not fall within the categories just mentioned. 


Equations 5 


Rather, each problem must be considered on its merits and the solver must 
use his or her own ingenuity. 


1 
Example 5 Solve the equations x ay =1 and y+ a = 4. 
x 


The equations can be rewritten in the form 


xy+l=y 
xy+1=4x 
Therefore, y = 4x, which on substitution gives 
4x? +1 = 4x 
4x? -4x+1=0 
(2x — 1)? =0 


Therefore, x = 4 and, since y = 4x, y = 2. The solution is thus x = 3, y = 2. 


Exercises la 





. xXt1 x-2 2x43 
1 Solve the equation aS a = 
2 Solve the equation x? — 5x—11=0. 
3 Solve th tion sees 
eet rate tare 2x+3 7x+3° 
6 


4 Solve the equation \/x — GF =1. 


5 Solve th ti 24 5y-—_— = 0. 
olive e equation y y y? + 5y 


6 Solve the equation x* — 25x? + 144 =0. 

7 Find the values of x which satisfy the equation 2,/(x + 5) — ./(2x + 8) =2. 
8 Solve the equation \/(x + 1) + /(5x + 1) = 2/(x + 6). 

9 Solve the equation x* — 2x? — 6x? —2x +1 =0. 


1 
| Hine letv=x+ | 
x 
10 Solve the equation y* — 2y? — 2y? + 2y+1=0. 
1 
| Hint letz=y-—-— | 
y 
Solve the simultaneous equations | 1-20: 


11 x+2y =3, x? -—xy4+ 5y?4+2y=7 

12 2x+y=1,x?4+xy+3x—-—y=4 

13 2x —3y =1, x? +xy —4y? =2 

14 x? 4+ 2xy = 3, 3x?— y? = 26 

15 x? + y? = 13, x? — 3xy + 2y? = 35 

16 x? —xy + Ty? = 27, x? — y? = 15 
5 


1 1 
17 x2+y?=5,54+—=- 
y ty 4 
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1 1 4 
18 x?+y?=10, —+-=- 
x y 3 
1 3 11 
19 x?-y? = 24, —— =— 
ee Cig ey 12 
x y 17 5 : 
20 -—4+-=—, x?-4xy+y?=1 
y x 4 


1.3 Elimination 


In Section 1.2, we considered methods for the solution of two equations in 
two unknown quantities. If we have more equations than unknowns, two 
equations in one unknown, or three equations in two unknowns, then in order 
to obtain a consistent solution to the equations the coefficients must satisfy 
some relationship. This relationship is known as the eliminant of the system. 
It is obtained by forming from the given equations an equation which does 
not involve the unknowns. This process is known as the elimination of the 
unknowns. It is a technique which is of great value in co-ordinate geometry. 


Example | Eliminate t from the equations x = at?, y = 2at. 
From the second equation, we can solve for t in terms of y, ie. t = y/2a. 
Substitution into the first equation gives 


Ree ee wea 
2a 4a? 


Therefore, y? = 4ax, which is the required result. 


Example 2 . Eliminate t from the equations 





t? 
Saar and ae OES: 
We have y/x = t. Substitution in the first equation gives 
en ee 
1+ y?/x? (x? + y?)/x? 
nO 
x2 + y? 


x(x? + y?) = xy 
Example 3 Eliminate | and m from the equations Ix + my = a, mx — ly = b, 
I? + m? = 1. 

The straightforward procedure would be to solve the first two equations 
for / and m in terms of a, b, x and y. Substitution of these expressions into 
the last equation would then provide the eliminant. However, in some cases 
it is possible to use more subtle methods. In the present example, if we square 
the first two equations and add the results, we obtain 


1?x? + m?x? + my? + I?y? = a? + b? 
(x? + y?)(I? + m?) = a? + b? 


Inequalities 7 


and since I? + m? = 1 
x? +y? =a? +b? 


which is the required eliminant. 
Exercises 1b 
1 
1 Eliminate t from the equations x =1+t, y=1+ Pu 


1 
2 Eliminate t from the equations x = 3+ 1°, y=2+ 7 


sae f 1 1 
3 Eliminate t from the equations x = as tLy= a 1. 
2at b(1 —t) y? 
4 Ifx age = pee.” show that 5425 = =; 


5 Eliminate @ from the equations x — acos@ = 0, y — bsin@ = 0. 

6 Ifx =1+t7, y = 2t, show that y? = 4(x — 1). 

7 Ifx =1-—t? and y = 1 +4 5t —t?, show that (x — y)? = 25(1 — x). 

8 Eliminate x and y from the equations x — y = a, x? + y?, = b?, xy = 1. 
9 Eliminate x and y from the equations x —-y=a,x+y=b,xy=c. 

10 If x + 2y? =a, x — 2y” = b, xy = 2, show that (a + b)(a? — b?) = 64 


1.4 Inequalities 


In this section, we shall consider the rules governing the relationships between 
numbers which are not equal. For any two real numbers a and b, we say 
that a is greater than b (a > b) if a — b is positive. We say that a is less than b 
(a < b) if a—b is negative. In terms of the representations of numbers on 
a line (Figure 1.1), a> b if ais to the right of b; a <b if a is to the left of b. 
Thus we have by definition 


a>b if a—b>0O and a<b if a—b<O (1.3) 


For example, 5 > — 3 since 5 — (—3) = 8 is positive, i.e. >0. Also —3 < —1 
since —3 —(—1) = —2 is negative, i.e. <0. 


RULEI We first show that if a > b, then 
a+x>b+x (1.4) 


where x is any real number. 
Ifa>b,a—b=c>0 


a+x—(b+x)=a+x—b-—x=a-—b=c 
a+x—(b+x)=c>0 
a+x>b+x_ by definition 
In the same way, ifa<b 


a+x<b+x (1.5) 
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Thus, as with equations, we may add the same number to both sides of an 
inequality and still preserve the inequality. For example, 


5>-2 

and after adding 6 to both sides 
1l>4 

Also 6<9 

and after adding —3 (ie. subtracting 3) on both sides 
3<6 


We cannot, however, treat inequalities in the same way as equations if we 
multiply both sides of the inequality by the same number. Rather, we have 


Rute II Ifa>b ax>bx if x is positive 


ax <bx if x is negative (1.6a) 
Ifa<b ax<bx if x is positive 
ax > bx if x is negative (1.6b) 


We shall prove this for the case a > b. 
If, a— b =c, where c is positive, then 


ax — bx = cx 
which is positive if x is positive, but negative if x is negative. Therefore, 
ax—bx>0 if x>0 
ax—bx<0 if x<0 


which is the required result. 

Thus if we multiply both sides of an inequality by a negative number, the 
inequality sign must be reversed. 

For example, 7 > 3, which becomes 21 > 9 after multiplication by 3 but 
—14< —6 after multiplication by —2. 


Rute III Ifa>bandc>d, then 
a+c>b+d (1.7) 


For example, 7 > 3 and —4> —7, and 3> —4. 
Note: it does not follow that a —c > b — d. For example, 11 > 10 and 9 > 2 
but 11-9 < 10-2. 


RuLEIV Ifa>band b>c, then 


a>c (1.8) 


For example, 8 > 7 and 7 > 2, and 8 > 2. 

Note: if a > b and b <c, we can say nothing about the relative magnitudes 
of a and c. For example, 9 > 2 and 2 <8 and of course 9 > 8, but we could 
equally well have had 9 > 2 and 2 < 11 with, of course, 9 < 11. 


Rute V Ifa>bandc>d anda, b,c, dare all positive, then 


weSbn aul Ss (1.9) 
dic 


Inequalities 9 


For example, 9 > 2 and 6 > 3 and of course 9 x 6>2 x 3, ie. 54> 6. 
RuLeE VI If a>b and a and bare both positive, it follows that 


Le oe 
ee 


a*>b*, a>b°, 


Indeed 

a">b" if n>O 

a"<b" if n<0 (1.10) 
For example, 3 > 2 and 3° > 23, ie. 27> 8, but 37? <2->7, ie. § <4. 


Example 1 For what values of x are both the inequalities 9 + 2x > 0 and 
7—3x > 0 true? 

If9+2x>0,2x>-9, ie x> —$. 

If7—3x>0, —3x>-—7, ie. x <4. (Note the reversal of the sign.) 

From Figure 1.2 we see at once that both inequalities are true for 
—$<x<} 





x>-3 X<3 
———— ——— 
9 7 
=F 0 3 
Figure 1.2 
2x+1 1 


Example 2 Find the range of values of x for which 





>=. 
x+2 2 
We multiply both sides of the inequality by (x + 2)? which is positive. 
Thus we can be sure that the inequality sign is preserved correctly. Thus we 
have 


(2x + 1)(x + 2) > 4(x + 2)? 
2(2x + 1)(x + 2) > (x + 2)? 

(x + 2)(4x + 2) —(x + 2)? >0 

(x + 2)(3x) > 0 
This will be true if x > 0 and x + 2>0, or if x <O and x +2 <0, ie. if both 

factors are positive or both factors are negative. 

The first two inequalities are true if x > 0 and the latter two inequalities 
are true if x < —2. This can be clearly seen if the following table showing 


the signs of the factors is drawn up. The individual factors change sign at 
0 and —2. 


x<-—-—2 —2<x<0 x>0 
3x —ve —ve +ve 
x+2 —ve +ve +ve 


3x(x + 2) +ve —ve +ve 
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Thus the original inequality is true if x > 0 or x < —2. 
Example 3 Determine the range of values of x for which 
x?+x—-2 1 


—_———_ > 
x? +4 2 
We notice that x? + 4, being the sum of two squares, is always positive. 
Thus we can multiply both sides of the inequality by x? + 4 and still preserve 
the sign. Thus 
x? +x—2>4(x?44) 
2x? +2x—4>x7+4+4 
x? +2x—8>0 
(x + 4)(x —2)>0 


We draw up our table showing the signs of the individual factors. The 
individual factors change sign at —4 and 2. 








x<-—4 -4<x<2 x>2 
x+4 —ve +ve +ve 
x—2 —ve —ve +ve 
(x + 4)(x — 2) +ve —ve +ve 





Thus the inequality is true if x < —4 or x >2. 


: . +3 1 
Example 4 Solve the inequality i aa pe 
x—-2 x-—3 
Here, we must multiply by the positive factor (x — 2)?(x — 3)? to obtain 
(x + 3)(x — 2)(x — 3)? > (x + 1)(x — 3)(x — 2)? 
which yields 


(x — 3)\(x — 2)[(x + 3x — 3) —(x + 1)(x —2)] >0 
(x — 3x — 2)[x? —9 —(x? — x —2)] >0 
(x — 3)(x — 2)(x — 7) >0 


Again, we draw up our table showing the signs of the individual factors, 
which change sign at 2, 3 and 7. 








x<2 2<x<3 3<x<7 x>7 
x-—2 —ve + ve +ve +ve 
x-—3 —ve —ve +ve +ve 
x-—7 —ve —ve —ve +ve 
(x — 2)(x — 3)(x — 7) —ve +ve —ve +ve 





Thus the original inequality is true if 2<x<3orx>7. 
We shall in later chapters have cause to use the notion of the modulus 
of a number x: 


The modulus of x is the positive number having the same magnitude as x. 


It is written |x|. Thus {3| = 3, |—6| = 6, |—2| = 2, |—1| = 1. 


Inequalities 11 


In general if x is positive |x| = x, but if x is negative |x| = —x. 
With this notation the range of values of x specified by the inequality 
—1<x <1 can be specified more concisely by |x| < 1. 


Example 5 Find x if |x + 1| = 5. 
We have x + 1=5 or x +1 = —S. Therefore 


x=4 or x=-6 


Example 6 Find x if |2x + 1|> 7. 
2x+1])>7 means 2x+1>7 or 2x+1<-—-7 
Thus, we have 2x > 6 or 2x < —8. Therefore 


x>3 or x< —4 


Example 7 For what values of x is |x — 1|>2|x + 3]? 
Since |x + 3] is positive, we can write the inequality as 




















els ie aaa 

Ix + 3] “Ix +3 
This is true if 

x—1 —1 

3° ° or 3 


In the first case, multiplication by the positive quantity (x + 3)? gives 
(x — 1)(x + 3) > Ax + 3)? 
(x + 3)(x —1—2x—6)>0 
(x + 3(—x-—7)>0 
Multiplying by —1 gives 
(x + 7)(x + 3) <0 
If we draw up a table as in Examples 2, 3 and 4, we find that —7 <x < —3. 
_In the second case, multiplication by the same positive quantity (x + 3)? 
gives 
(x — 1)(x + 3) < —2(x + 3)? 
(x + 3)\(x —1+2x +6) <0 
(x + 3)(3x + 5) <0 
which is satisfied if —3 <x < —3. 


We can combine these two regions and observe that the original inequality 
is satisfied if —7 <x < —# but excluding the value x = —3. 


The inequality of the means 


: a+b es ; 
The arithmetic mean ie of two positive numbers a and 5 is greater than 


or equal to their geometric mean ,/ab. For we have, if a and b are positive, 
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(Ja — Jb)? 30 
a+b—2,/ab>0 
a+b 


52> vab (1.11) 





which proves the result. 


Example 8 Ifa, b,c, d are any real numbers, prove that (i) a* + b* > 2a7b? 
and (ii) a* + b+ + c+ + d* > 4abed. 
(i) By (1.11), we have 


a* ; b* > Jatb* = ab? 
a* + b* > 2a7b? 
(ii) By the previous result, we have 
a* + b+ 4044 d* > 2a2b? + 224? 

But 2a7b? and 2c?d? are two positive numbers and so by (1.11) 

2a*b? + 2c7d? 

2 
2a2b? + 2c?d? > 4abcd 
a+ +b++c4++4+d*>4abcd by (1.8) 


Note: the result will certainly be true if some of a, b, c, d are negative, 
so that abcd is negative, since the left-hand side is certainly positive. 





> /(4a7b?c7d?) 


Example 9 Show that if a, b,c are real numbers, a? + b? + c? — bc — ca — ab 
cannot be negative. 
We have 


a? + b? > 2ab 
b? +c? > 2be 
c? +a? >2ac_ by (1.11) 
On adding these results, we obtain by (1.7) 
2(a? + b? + c?) > 2(ab + be + ca) 
a* +b? +c? >ab+bce+ca 


which is the required result. 


Exercises Ic 


1 Solve the inequalities 3x + 11 >0 and 8—7x>0. 
2 Find the values of x which satisfy 2x? — 7x +9 < x? — 2x +3. 


3 For what values of x is <-—1? 





x-3 





. 2 
4 For what values of x is = 
x 
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245 7 
6 Solve the inequality eee >2. 
3x +5 


2x? -3x-5 1 


7 Solve the inequality Soe Le: < 3 


8 Find x if |x + 3] = 2. 





1 
9 Find x if Hid ="1: 
x+1 
10 Find x if |x + 3|> 5. 
11 Find x if |x — 1] > 3|x —2|. 


1 
12 If a and b are positive numbers, show that (i) at~22 and 


b 
13 If a, b and c are three positive numbers, show that (a + b)(b + c)(c + a) > 
8abc. 
14 Show that x? + y? >x?y+4+ xy? if (x + y)>0. 
15 Verify that a? +b? +c? — 3abc = (a+ b+ c)(a? +b? +c? — ab— be — ca). 
Hence show that, if a, b, c are all positive, then a? + b? +c? > 3abc. 


(ii) (a + b) t+ z)e4 


1.5 The remainder and factor theorems 


We assume that readers are familiar with the division process in algebra as 
applied to simple polynomial expressions. It is analogous to the division 
process in arithmetic and is illustrated by the following example. 


Example 1 Find the quotient and remainder when 2x* — x3 + 4x? + 1 is 
divided by x? + 3x + 1. 
+ 2x? — 7x + 23 
x? + 3x + 1)2x* — x3 + 4x? + Ox + 1 
2x* + 6x3 + 2x? 
— 7x3 + 2x? + Ox 
— 7x3 — 21x? — 7x 
23x? + 7x +1 
23x? + 69x + 23 
— 62x — 22 


Thus the quotient is 2x? — 7x + 23 and the remainder is — 62x — 22. 





The result above can be put in the form 
2x4 — x3 + 4x? + 1 = (x? + 3x + 1)(2x? — 7x + 23) — 62x — 22 


The symbol = means that the two expressions on each side of it are identical 
even though they are expressed in different forms. They will be equal to each 
other for every value of x. 
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The idea can be extended. If the polynomial P(x) = a,x" + a,_,x""-'+...+ 
a,X+, is divided by the polynomial D(x) = d,,x"+dm—1x" '+...+ 
d,x + do, where m < n, the quotient will be another polynomial Q(x) (of degree 
n—m) and a remainder R(x) which will also be a polynomial. From the nature 
of the process, the degree of R(x) will be less than m, the degree of the divisor. 

We will further have 


P(x) = D(x)Q(x) + R(x) (1.12) 


In the case where D(x) is a first-degree polynomial of the form (x — «), R(x) 
will simply be a constant c, say: 


P(x) = (x — #™Q(x) +c (1.13) 
We can find c without working through the division process. If we 
substitute x = « into both sides of (1.13), we obtain 
P(a) =c 
the other term on the right-hand side being zero when x = a, whatever the 
form of Q(x). 
P(a) is the value of P(x) when x = « and is given by 
aa" +a, 0" '+...+a,a+ ao 
This result is often known as the remainder theorem, which states that when 
the polynomial P(x) is divided by x — a the remainder is P(q). 
Example 2. Find the remainder when x? + x? + x — 2 is divided by x + 3. 
Now x + 3 = x —(—3), so the remainder is 
R = (—3)3 + (—3)? + (—3) — 2 
= —27+9-—3-2 
= —23 
Alternatively, 
x3 +x74+x-2=(x + 3)Q(x)+R 


where Q(x) is some quadratic polynomial which we need not calculate. If 
we substitute x = —3 on both sides, the result follows. We could, of course, 
carry out the division. 


Example 3 The remainder when 2x? + ax? + bx + 1 is divided by x — 1 is 7. 
When it is divided by x — 2, the remainder is 39. Find a and b. Also find 
the remainder when the expression is divided by (x — 1)(x — 2). 

If we denote 2x? + ax? + bx + 1 by P(x), we have by the remainder theorem 


P)= 7= 24+ at+ b+1 
P(2) = 39 = 16+ 4a+2b+1 
Thus we have 


a+ b= 4 
4a+ 2b = 22 


The remainder and factor theorems 15 


Whence 
2a+2b= 8 
4a + 2b = 22 
2a = 14 
Therefore 


a=7 and b= -—3 


Thus P(x) = 2x? + 7x? — 3x +1. 

When P(x) is divided by (x — 1)(x — 2), the remainder will be a polynomial 
of degree one (the divisor is a quadratic), which we can denote by mx + n. 
Thus 


P(x) = (x — 1)(x — 2)Q(x) + mx +n 
When x = 1 P(1)= m+n= 7 
When x = 2 P(2) = 2m+n = 39 


On solving these equations, we have m = 32 and n = —25. The remainder 
is thus 32x — 25. 


Example 4 Find the remainder when x? — x? — x +1 is divided by x — 1. 
Hence factorise this polynomial. 


P(x) = x? —x?—x+41 
Mj Siaiohet a0 


Thus, the remainder is zero and we deduce that x —1 is a factor of the poly- 
nomial. The division process gives 


x3 —x?- x41 = (x — 1)(x?-1) 
so that 
ex? -—x4 1S (x-Dx-DYDe_t+h 


Example 4 illustrates the factor theorem, which is immediately clear from 
(1.13). If P(«) = 0, then x — a is a factor of P(x). 


Exercises 1d 


1 Find the remainder when 3x? + 6x — 1 is divided by x — 3. 

2 Find a if x° + ax? — x —8 is divisible by x — 1. 

3 For what value of m is x? + 3x? — x + m divisible by x + 8? 

4 Show that the remainder when the polynomial P(x) is divided by 


ax — bis (2) 
a 


5 Find m and n if the remainders when 8x? + mx? — 6x +n is divided by 
x —1 and 2x —3 are 2 and 8 respectively. 

6 Factorise x? — x? + 4x — 4. 

7 Factorise x? — 6x? + 11x —6. 

8 Factorise 12x? — 31x? + 2x + 24. 

9 Find a and b if x* + ax? — 2x? + bx — 8 is divisible by x? — 4. 
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10 Find the remainder when 2x* + x3 ~x?+x+4 is divided by x?—1. 
Verify the result by doing the division. 


1.6 Partial fractions 


Readers will already be familiar with the technique of forming the sum or 
difference of two or more algebraic fractions. For example, 








1 a 2 pth Shes y x+1 
x-1 x+1 x?41— x? -1 x? +1 
3x-1 x+1 


————— + ———- 
x?—1 x? +1 

a (x? + 1)(3x — 1) +(x + 1)(x? — 1) 

~ x*—1 

_ 4x3 +2x —2 

ae a 

For the purposes of expanding such a complicated algebraic fraction in 

powers of x, or for integrating such a fraction with respect to the variable 
x, it is often necessary to carry out the reverse procedure, i.e. to resolve such 
a fraction into the sum of two or more partial fractions. The denominators 


of these partial fractions are the factors of the denominator of the original 
fraction. The technique is governed by five simple rules: 





Rute! If the degree of the numerator is greater than or equal to the degree 
of the denominator, it is possible to carry out a division to obtain a 
quotient together with a fraction whose numerator is of lower degree than its 
denominator. This latter fraction is then resolved into partial fractions. 


RULE II To each linear factor of the form x — a in the denominator, there 


: : A : 
corresponds a partial fraction of the form ———, where A is constant. 
x—a 


3 2 
: . x°> +x*+ 4x 
Example 1 Resolve into partial fractions —,-———-. 
x*+x—-—2 


The numerator is of degree 3, the denominator is of degree 2, so we divide 


x 
x2 +x —2)x3 + x? + 4x 
x? +x? — 2x 
6x 
Therefore 
x3 +x? + 4x 6x 6x 
Cie wane eee Dy. 
We set 
6x _ A B 
(&+2e—-1l) x—-1 x42 
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To determine A and B, we multiply throughout by (x + 2)(x — 1) to obtain 
6x = A(x + 2) + B(x — 1) 
By putting x = 1, we obtain 6(1) = A(1 + 2), ie. A = 2. By putting x = —2, 
we obtain 6(— 2) = B(—2— 1), ie. B = 4. After substitution, we get 
xP +x? + 4x _ Te eas: 
eee? eel | ED 

An alternative procedure for determining A and B is as follows. 

We can make A(x + 2) + B(x — 1) = (A + B)x + 2A — B identically equal 
to 6x by choosing A and B so that the coefficient of x, namely (A + B), is 
equal to 6, and the term independent of x, namely (2A — B), is equal to zero. 
Thus, we would have A + B = 6, 2A — B = 0, whence A = 2, B = 4as before. 


We shall find that both these techniques for determining the unknown 
quantities are valuable. 


Example 2 Resolve into partial fractions 
3x? -—4x+5 
(x + 1)(x — 3)(2x — 1) 


The degree of the numerator is less than the degree of the denominator. 
Thus we set 





3x? —4x4+ 5 A B C 


(x + I(x —3)(Q2x—-1)> x+1° x-3  2x-1 
Multiplication by (x + 1)(x — 3)(2x — 1) gives 
3x? — 4x + 5 = A(x — 3)(2x — 1) + B(x + 1)(2x — 1) + C(x + 1)(x — 3) 
With x = —1 
3(—1)? —4(—1) + 5 = A(—4)(—3) __ therefore A = 1 
With x = 3 





3(3)? — 4(3) + 5 = B(4)(5) _—_—‘ therefore B = 1 
With x = 5 
3(4)? — 4(4) +5 = C(\—-4§) _ therefore C = —1 
Therefore 
3x? —4x +5 1 1 1 


If we use the second technique (not so convenient in this case) to determine 
A, B, and C, we obtain the equations 


2A+2B+C =3 
-~14+B—2C =—4 
34 —B—3C =5 


which have solutions A = 1,B=1, C= —1. 
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Rute III To each quadratic factor in the denominator of the form 
ax? + bx +c which does not have linear factors, there corresponds a partial 


i Ax +B 
fraction of the form —-;-—---—-, where A and B are constants. 
ax’ +bx +c 


3x? + 8x + 13 


Example 3 Resolve into partial fractions 5 
7 P (x — 1)(x? + 2x + 5) 





We set 


3x7 +8x+13 A 4 Bx tC 
(x — I(x? +2x+5) x—1 x24+2x4+5 





therefore 


3x? + 8x + 13 = A(x? + 2x + 5) + (x — 1)(Bx + C) 
=x*(A+ B)+x(2A—B+C)+5A—C 


With x = 1, we obtain 24 = 8A, therefore A = 3. If we make the coefficients 
of x* equal, 4+ B = 3, so B=0. If we make the terms independent of 
x equal, 5A — C = 13, and so C =2. 

It is easy to see that with these values for A, B, C, the coefficients of x 
are also equal. Therefore 





Sx" 4x 13+. 9 : 2 
(x —1)(x?+2x+5) x—1 x?4+2x45 
2x? + 2x, + 10 


Example 4 Resolve into partial fractions ———__; —_.. 
: E & + Dx? +9) 
We set 
2x7+2x+10 A Bx +C 


poe ye 
(x + 1)(x?+9) x+1 x?4+9 





therefore 
2x? + 2x + 10 = A(x? + 9) + (x + 1)(Bx + C) 
With x = —1, 10A = 10, therefore A = 1. If we make the coefficients of x? 


equal, A+ B = 2, so B= 1. If we make the terms independent of x equal, 
10 = 9A +C, and so C = 1. Therefore 


2x7+2x+10 1 " xt+1 

(x + 1)(x?2+9) x41 ° x? +9 
RuLeE IV To each repeated linear factor in the denominator of the form 
(x — a)?, there correspond partial fractions of the form 


A dk B 
x—a_ (x—a)? 





For repeated linear factors of the form (x — a), there are partial fractions 


B 
of the form : a + 


—a (x—a)? (x—a)> fe 
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RULE V_ To each repeated quadratic factor in the denominator of the form 
(ax? + bx +c)”, there correspond partial fractions of the form 


Ax +B a Cx+D 
ax?+bx+c (ax? + bk +c)? 





3_ yy? 3x45 
Example 5 Resolve into partial fractions oa Ee 
(x — 1)(x? — 1) 
The denominator (x — 1)(x? — 1) = x? — x? — x + 1 is of the same degree 
as the numerator. We divide 
1 


x3 x? —x + 1x3 — x? — 3x4 5 
x3—x?- x41 








—2x+4 
therefore 
xP ax 3x +5 4—2x 
&—D@=N (= 1)? = 1) 
ee ees 
(x — 1)?(x + 1) 
We set 
4-—2x A B C 
@-A1y@d) ett Set UR SIe 
therefore 


4—2x = A(x — 1)? + B(x — 1)(x + 1) + C(x +1) 


With x =1, 2C =2, therefore C=1. With x = —1, 44 =6, so A =3 
If we make the coefficients of x? equal, 4+B=0, and so B= —3. 
Therefore 


x3—x?—3x4+5 _ in 3 2a Oh 1 
(x — 1)?(x + 1) ~ Ax+1) %Ax-1) (x1) 
7—2x 


(x + 1)(x — 2)? 








Example 6 Resolve into partial fractions 
We set 
7—2x A B Cc 
(e+ De 3x41 x2 “G3 
therefore 
7 —2x = A(x — 2)? + B(x + 1)(x — 2) + C(x +1) 


With x = 2, 3C = 3, therefore C = 1. With x = —1,9A =9,so A = 1. If we 
make the coefficients of x? equal, A + B = 0, and so B = —1. Therefore 
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7—2x _ i 1 mn 1 
(x+1)(x—2)? x+1 x-2 (x-2) 


Exercises le 


Resolve 1-10 into partial fractions and verify the results. 








6x — 10 xi —x?-4 
x? — 2x —3 x? —1 

4x +11 13 — 5x? 
(x? + 4x — 5) (x? — 1)(x + 3) 

x? +4x —7 x* +2 
(x + D(x? +4) (x? + 2x + 3)(2x + 1) 
2x* — 2x3 + 4x? — 2x Tx +2 
(x= N(x? +1) (2x — 3)(x +1? 
2xP + 2x? +2 10 x? 
(x + 1)?(x? + 1) (x + 1) 


1.7 Indices 


The product of a number with itself, a x a, is called the second power of a 
and is written a?. The product a x a x a, written a’, is called the third power 
of a. The product a x ax ax ... to m factors, written a”, is called the mth 
power of a. The number which expresses the power is called the index or 
the exponent. Thus, the index of a? is 2, the index of a? is 3, the index of 
a™ is m. 

When the algebraic processes of multiplication and division are carried 
out with different powers of the same number, the indices combine according 
to certain fundamental laws. In the proofs of these laws which follow, we 
assume m and n are positive integers with m > n. 


Rute I a" xa" =a" (1.14) 


For a” x a" =(axaxax ...tom factors) x (a x a x ... ton factors), which 
is clearly axaxaxax ... to(m+n) factors = a”*” by definition. 





RuLE II a" ~+a"=a™" (1.15) 
For 

a™ axaxax... Xax... x a(m factors) 

a" axaxax... x a(n factors) 


=axaxax ...to(m—n) factors 
m—n 


=a 


Rue Il (a"y" = a™ (1.16) 


Indices 21 


For 


(a”\" =a™xa"™xa™x ... to n factors 
=(axaxax ... to m factors) 
x(axaxax ... tom factors) ... n times 
=axaxaxax ...tomn factors 


= q”™ 


The rules (1.14), (1.15), (1.16) have been proved for m and n positive integers. 
Indeed, we have no meaning for a” unless m is a positive integer, the definition 
of a” as the product of m factors each equal to a being meaningless unless 
m is a positive integer. We shall generalise our concept of power to include 
indices which are fractional and negative. This generalisation is carried out 
in such a way that the rules (1.14), (1.15), (1.16) remain valid. We do not want 
one set of rules for positive integer indices and another set of rules for 
fractional indices. The rules stated in Section 1.1 are true whether a, b, c are 
integers, rationals, etc; indeed, when they are any real numbers. In the same 
way, we require the rules (1.14), (1.15), (1.16) to be universally true. 


1/n 


The meaning of a‘, where n is a positive integer Since (1.14) is to remain 


valid, 
a’!".a’" a" to n factors = at" t Mat lint-.. = g 
(any =a 
Therefore 
all"= Ya (1.17) 


The meaning of a”, where m and n are positive integers Since (1.14) is to 
remain valid, 


qin qmin _.. ton factors = qnintmin+... =aq™ 
(a™nyn = a” 
Therefore 
a” = "qm (1.18) 


An alternative and equally valid interpretation is 


a” = (*/ay" (1.19) 


The meaning of a® Since we require (1.14) to remain valid for all m and n, 
we have with m = 0 


a’.a"=a"*° =a 
a® = a"/a" i 
Therefore 
a° =1 for all values of a except a = 0 (1.20) 


The meaning of a~"" Since we require (1.14) to remain valid for all m and n, 
we have with m= —n 
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Therefore 
a"=— (1.21) 


With these definitions it is easy to see that the rules (1.14), (1.15), (1.16) 
remain valid for all values of m and n. 


Example 1 Evaluate (i) (81)>’*, (ii) (16)~ °*. 
(i) ( (81)°/* = (81)? = 33 = 27 
Note: it is more convenient to use (1.19) than (1.18): 


(81)°/4 = 9813 = 4/531 441 


which we are unlikely to recognise as 27. 
(ii) 1675/4 = 1/16°/* = 1/(/16)> = 1/2° = 1/32 


Example 2 Show from the definition that (51/*)!/2 = 51/4-1/2 = 51/8, 


514 = 4/5 where (./5)* =5 
(54H? = 3/514 = 24/5) = 5 where (.9/5)® =5 


(S4/4)1/2 = 51/8 


Example 3 Show that (a”)" = a™" for all m and n. 

We show this by allowing m to be any value and considering in turn the 
cases where n is (i) a positive integer, (ii) a positive fraction, and (ii) any 
negative value. 

(i) If n is a positive integer 


(a”)" = a™.a™ to n factors 


= quit mt... = q™ 


(ii) If n is a positive fraction, say p/q, where p,q are positive integers, then 
(a"y" = (any 
Now by (i) 
{(a™)?/4]4 = (a™)P/4-4 — (a™ P — qmp 
therefore 
(a™)P/4 = ware = gmPla — gmn 
(iii) If n is negative, we replace it by —k, where k is positive. Therefore 
(a"\" = (a”)~* 
and 


1 1 
(a) =~ mk 4 =a 


(a")"* = 


as required. 
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Exercises If 
1 Evaluate (i) 27°/9, (ii) (36) ~ 3/2, pe (8)7/9, (iv) 16> 1/4, 


-2,3,-4 -4 
Bes ond Pe yz 9 abc 
2 Express with positive indices (i (i) = 6 Bye oe a 
3 Show that /x — a= eae = Ta | Hine multiply by fete) 


Deduce that 1 vx+ Ja ; 
Jx—Ja x—a 
4 Simplify (4-2"*! — 2"*?)/(2"*} — 2"). 
5 Show that (xy)” = x"y". Treat separately the cases n is (i) a positive integer, 
(ii) a positive fraction, (ili) a negative quantity. 


1.8 Logarithms 


The logarithm of a positive number N to the base a is defined as the power 
of a which is equal to N. Thus, if 


a=N (1.22) 
then x is the logarithm of N to the base a, written 
x =log,N (1.23) 
(1.22) and (1.23) are by definition equivalent, so we have 
g'taN — N (1.24) 
Since a! = a and a® = 1, it follows that 
log,a = 1 (1.25) 
log, 1 =0 (1.26) 


for all a( #0). 


Example 1 Evaluate (i) log; 9, (ii) logy 3, (iii) log, 64. 
(i) Since 37 = 9, log,9 = 2 
(ii) Since 91/2 = 3, logg3 = 4 
(iii) Since 43 = 64 log,,64 = 3 


The laws for the manipulation of logarithms are derived directly from the 
laws of indices: 


RuLE I log, (bc) = log, b + log,c (1.27) 
For, if log,b = x and log,c = y, 
b=a™ and c=a’ 
be = a®.a¥ =a**” by (1.14) 
log, (bc) = x + y = log, b + log,c 


RULE II log, (?) = log, b — log,c (1.28) 
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For, with the notation above, 


es by (1.15 
Cc _ a a y ( a ) 
therefore 
b 
log, ays x—y=log,b — log,c 
Rute III log,(b?) = plog,b (1.29) 


For, with the notation above, 
bP = (a*)? = a 
log, b? = px = plog,b 
We have just seen in Example | that the logarithm of a number may 
be calculated to any base. Tables of logarithms to the base 10 (common 
logarithms) are in existence and are very useful for arithmetical calculations. 


It is not difficult to use these tables to calculate the logarithm of any number 
to any specified base. We need the following transformation rule: 


log, N = log, b.log, N (1.30) 
For if y = log, N, N = b” 
log, N =log,(b’) = ylog,b 
log, N = log, b.log, N 
If we put N = a in (1.30), we obtain 
log,a = log, b.log,a = 1 


log, b = —— 1.31 
aad eR (1.31) 
Another useful form for (1.30) is then 
ioe v= Oo (1.32) 
log,a 


Example 2 Use the table of common logarithms to evaluate (i) log, 9, 
(ii) log, 16. 





4 logio 9 0-:9542 number log 

i) log, 9 = = —_—— = 317 — 
() log, logig2 0-301 0-9542 19796 
0-301 1-4786 

% logi9 16 = 1:2041 a WP 
= ee 9.504 0:5010 

(it) logs tes 0477 Se 
12041 0-0806 
0-471 1-6786 
0-4020 


by calculator or by tables as shown. 
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2 
Example 3 Show that log, (a? — x?) = 2+ te,(1 -%). 


2 
log, (a? — x?) = log, Ge a =) 


2 
= log,a? + loe,(1 -5) 


x? 
=2+ e,(1 -3) 


Example 4 Show that log, b.log,c.log.a = 1. 
log, b.log,c =log,c by (1.30) 
therefore, multiplying by log.a 


log, b.log,c.log.a = log,c.log.a 
= log,a= 1 


Exercises lg 


1 Evaluate (i) log, 27, (ii) log,,3 27, (iii) log, 16, (iv) log,,/2 32, (v) log, x3, 
(vi) log,3 y, (vii) logy). x°, (viii) logy). x”. 

2b Bb? 

2 Show that log, (a + b)? = 2+log,( 1+ ae =>} 


= 
3 Evaluate (i) log, 12, (ii) log, 24. 

4 If log, b = log,c = log.a, show thata =b=c. 
5 If u, v, s, t are all positive, show that 


oa(;} os) =m) ve(7) +e(7) (3) 


the logarithms all being to the same base. 


1.9 Equations in which the unknown is an index 


Some of the techniques used to solve this type of equation are illustrated 
by the following examples. 


Example 1 Solve the equation 3%’ = 9***. 


3° = gx+4 = (32)7*4 os 32044) 


Taking logarithms to the base 3, we obtain 


x? = 2(x + 4) 
x?-—2x—8=0 
(x — 4)(x +2) =0 

x=4 or x=-2 


Example 2. Solve the equation 2°**+! = 5**?}, 
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Taking logarithms on both sides, we obtain 
(3x + 1) logy9 2 = (x + !)logyo5 
(3 logyo 2 — 10819 5)x = logi9 5 — logio 2 
(log 19 8 — logo 5)x = logy 5 — logy 2 
_ 108195 —logio2 _ logio3 
. logio 8 — logio 5 - logio$ 





number log 
03979 0-3979 15998 
~ = 09-2041 1-95 02041 13098 
0-2900 


Example 3 Solve for x: 9*¥-4 x 3*+3=0. 

(37)? —4 x 3*+3=0 
37* 4 x 3*+3=0 
(3%)? -—4x 3*+3=0 
(3* — 1)(3* —3) =0 
3*¥=1 or 3*=3 
x=0 or x=1 

Example 4 Solve for x: log, 9 + log,23 = 2:5. 

We first try to express all the logarithms to the same base. 


Now by (1.30) log,23 = log, x.log,3 and log,:x = 4 since ( 
Therefore 


x?)1/2 


log,23 = 4log, 3 = log, 3 = log, /3 
Thus, the equation becomes 
log, 9 + log, ./3 = 2:5 


log, 9,/3 = 2:5 
9,/3 = x? 
Whence, by inspection, we see that x = 3. 


Otherwise 
10g 10 94/3 = 2:5 logyo x 


logi99J/3 logy 93° 
x =3 


Example 5 Solve the equations 2**” = 8, 3?*-» = 27. 


=x. 


From the first equation, we have, after taking logarithms to the base 2, 


x+y=3 
From the second equation, after taking logarithms to the base 3, 


2x -—y=3 
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Thus our equations are equivalent to 
x+y =3 2x—y=3 
(These equations would have resulted, after some simplification, whatever 
base had been chosen for the logarithms.) 
Adding the last two equations gives 3x = 6, therefore 


x=2 and y=1 


Exercises th 


1 Find x if 3% = 7-83. 
2 Find x if log, 2-69 = 2. 
3 Solve for x: (i) 32*~! = 5*; (ii) 747+? = 99*— 1. 
4 Solve the equation 2? = 48%. 
5 Find x if 9% = 3°*~?. 
6 Solve the equation 57* — 51** +6 =0. 
7 Solve the equation 47% = 2°*~!. 
8 Find x if log, 8 —log,: 16 = 1. 
9 Find x if log, 3 + log, x = 2:5. 
10 Solve the simultaneous equations 2**” = 6, 3*~” = 4. 


Exercises 1 


1 Solve the simultaneous equations x + 2y = 7, x? + 2y? = 17. 


[WJC] 
2 Express (2x? + 8x + 7)/(x? + 4x + 5) in the form 
b 
ae (x +c)? +d 


and state the values of a, b, c and d. 

3 Solve the equation 2*.3'~* = 6. 

4 Show that (a + /b)? = a? +b + 2a,/b. Hence evaluate the square root 
of 9 + 4,/5 in the form c + ,/d. 

5 Given the simultaneous equations x? — 6xy + Illy? = 3a”, x? — 2xy— 
3y? = 5a, derive an equation in x and y only, and hence solve the 
equations for x and y in terms of a. [JMB, part] 

6 Express in partial fractions (8x + 15)/(x? + 4\x — 3). 


1— 

7 If X =—~— and y-% i) show that(Y eat aak. 

(i + t) 1+t 

8 Solve completely the equation (x? + x)? = 5x? + 5x — 6. [LU, part] 
: : : 18y — 10y? 

9 Express in partial fractions -——__—_.,.. 

ery B= y—y? 
x(x — 2) 


+6 





10 Find the range of values of x for which >2. 





-1 
11 For what values of x is a ) > 0? 


2x +3 





13 


15 


18 


19 


35 


36 
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1 
By putting y = x ae —, solve the equation 2x* — 9x? + 14x? —9x +2 =0. 


Solve the equation Nox —1N-JY(x-=1. 
If p? = qr, show that log, p + log, p = 2 log, p log, p. 
Solve the equation a x + log,3 = +2. 


—2 —3 
Solve the inequality ~ ee > — rar 


Verify that (I? + m? + n)(x? + y? + 2) — (lx + my + nz)? = (ly > mx)” 

+ (mz -_ ny)” +(nx —Iz)?. Deduce that (Ix + my + nz)? <(I? +m? +n’) 
x (x? + y? + 2”). 

If a, b and c are positive and unequal show that 


(a+b+c)? < 3(a? + b? +c?) 


If a, b, c are positive and unequal show that 


1 1 
(a+b+02 +e+ =)>9 

Solve the equation 27*" 3 = 3 x 9*~?. 

1 
By making the substitution y = x Bee solve the equation x* + 8x? + 
17x? + 8x+1=0. : (WJC, part] 

24 

Solve for x: log, m - )= 1. 


Solve for x: 2% x 3**! = 57**), 
2 2 





If ail + as 12 and — Me = — find the values of uv and hence solve the 
v u uov 3 





equations. 
Solve the equation J(2x + 3) — (x - 2) = 
a(l +t?) 2bt 
Se ee ae 
If x ioe ,y IT. a a =1 
If a and b are two real numbers such that a + b = 1, prove that 4ab <1. 
Hence or otherwise show that a? + b? > 3. (JMB, part] 


<2. 





; .ly—3 
Find y if vel 
Use the result of question 17 to show that (a? + b? + c?)* < (a? + b? +c?) 
x (a* + b* +c). 

Solve the equation log, (x? + 9) — 2 log, yx = 1. 
Solve the equations x + 2y = 3, 3x? + 4y?+12x =7. 
Solve the equations 37**” = 12, 2*-» = 4, 


(x — 2)(x — 3) >0? 
x—4 
Solve the equation 2?*?* + 3 x 2*—1=0. 
b 
If a? + b? = 23ab show that log a + log b = 2 log (*4*) 


For what values of x is 


Solve the inequality a5 >I. 
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1 1 
37 ENP ag SET ae show that y? — 2 = x(x? — 3). 


38 By putting a =loga, B =logb, y =logc in the identity a(B —y)+ 
Bly — &) + »(« — B) = 0, show that 


orgrgrs 


where the logarithms are taken to any base. 
39 Show that (x — 2) is a factor of 6x* — 7x? — 27x? + 28x + 12 and hence 


solve the equation 6x* — 7x? — 27x? + 28x + 12 =0. [AEB] 
40 When f(x) = x? + ax? + bx +c is divided by x — 3, the remainder is 30. 
If x? — 4 is a factor of f(x), find the values of a, b and c. [AEB] 
41 For what values of x is |x — 2] > 5|x — 3]? [LU] 


1 1 
42 Find the set of values of x for which ——~ <——. [LU] 
x—-2 x+2 


43 Given that y =log,x° and z = log, a, show that yz = 3. Hence find the 
numerical values of y and z when log,(3log, x) — log, (log, a) = log, (27). 


[AEB] 
44 Given that log, (x — Sy + 4) = 0 and log, (x + 1)— 1 = 2log, y, find the 
values of x and y. [AEB] 


45 When the expression x* + ax? +bx +c is divided by x?—4, the re- 
mainder is 18 — x; and when it is divided by x + 3, the remainder is 
21. Find the remainder when the expression is divided by x +1. 


[AEB] 
46 Solve the simultaneous equations 
xy 
ica es 
a4 
3.2 7 
xy 12 (C] 


47 If 2log,x + 2log, y= 5 show that log, x is either 5 or 2. Hence find 
all pairs of values of x and y which satisfy simultaneously the equation 
above and the equation xy = 27. [JMB] 

48 The variables x and y are connected by the relation y = ax", where a 
and n are constants; y = 3 when x = 4 and y = 2 when x = 9. Find the 


exact values of n and a. [C] 
49 Find all the solutions of the system of equations 
Sy +1 = 2xy 
3x +y—7=xy [O] 


(2x — 1)(x + 4) 50 


x-5 [LU] 


50 Find the set of values of x for which 


2 
Finite sequences and series 


2.1 Sequences and series 


Sequences 


A sequence, or progression, is a set of numbers in some definite order, the 
successive terms (or numbers) of the sequence being formed according to some 


rule. 


For the sequence of positive integers 1, 2, 3, 4, ..., the rth term is the integer 
r; for the sequence 1, 4, 9, 16, ..., the rth term is the number r?. 

It is usual to denote the rth term of a general sequence by u,, and the 
sequence by uy, uz, uy... u,.... The rule defining a sequence is often given 
in the form of some formula for u, in terms of r although this is not neces- 
sarily so. (See Example 2.) Thus, for our first sequence u, = r; for our second 


sequence u, = r?. 

Example 1 Find u, in terms of r for the sequences 
(i) 3, 5,79) 

(ii) 1, 3, 3, de, as, --. 

(iii) 1, 4, 3, 16, 5, 36, 7, 64, ... 


(iv) =A; 1, -l, 1, -1, 1, ran 
(v) 1, —2, 3, —4, 5, —6, eee 


(i) By inspection, we see that the terms can be written 


2x141, 2x241, 2x341, 2x441,... 


u,=2r+1 
(ii) By inspection, we see that the terms can be written 
1 1 1 1 
PoP 
1 
ue= Za 


(iii) If r is odd, u,=r, if r is even u,=r?. Since 2r is 


always even 


and 2r+1 always odd, u3,,, = 2r+1, u,, = 4r? adequately describe the 


sequence. 


(iv) The odd terms are —1, the even terms +1. Therefore, u,,,, = —1, 
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uz, = +1. However, the sequence may be described quite adequately by one 
formula in this case: u, = (— 1)’. 
(v) By using the result (iv), we have 
u, = (—1)'(—r) =(-1)'*!r 


Example 2 Find the first five terms of the sequence defined as follows: the 
first two terms are | and 3 respectively; each later term is formed by multiply- 
ing its predecessor by 3 and subtracting the next previous term, i.e. 

u, = 3u,_; —U,-2 

u,=1 

u, =3 

u3 = 3u, —u, = 8 

Uy = 3u,—u, = 24-3 =21 

Us = 3u,—u, = 3 x 21-8 = 63-8 =55 
The first five terms are thus 1, 3, 8, 21, 55. (Note: this rule adequately defines 


a sequence although it would not be easy to find a formula for u, in terms 
of r.) 


Series 


A series is obtained by forming the sum of the terms of a sequence. A finite 
series is obtained if a finite number of terms of the sequence are summed. 
The sum of the first n terms of the sequence u,, u,, ... is generally denoted 
by S,: 


S, =U, +u,+u,+... +4, (2.1) 


S, is the sum of the first n terms of the series u, +u,+u3 + ..., Or, as it 
is sometimes put, S, is the sum to n terms of the series u, + u, +u3+ .... 
The rth term of the series is u,, the corresponding term of the sequence from 
which the series is derived by summation. 


S, =u, +u,+u3+...+4, 
is often denoted by 

n 

Yu, =u, tun t+...+4, (2.2) 

r=1 
~ is the Greek capital letter sigma and the symbol above means evaluate 
u, for all values of r from 1 to n and sum the results. The specific form of 
u, may be inserted. Thus, with u, (the general term of the series) = r 
Yue= Vr=14+24+34+... 40 

r=1 

In the same way 


eae eee ee ees (n> m) (2.3) 


Example 3 The sum of the first n terms of a series is given by the formula 
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S, =n? + 3n for all values of n. Find an expression for the rth term of the 
series. 
If u, denotes the rth term 
u= S, = S,- 1 (2.4) 
=[u,tu,+...+u,-,+u,]—[u, tu.t+...+u,-1] 
r? + 3r —[(r — 1)? + 3(r — 1)] 
r? + 3r—[r? +r—2] 


Therefore 
u, = 2r +2 


4 7 
Example 4 Evaluate (i) ¥ r?, (ii) } 2”. 
r=1 r= 
4 
(i) Yor? = 12427437447 =144494 16 = 30 
r=1 


_ 
(ii) S27 = 2° + 24425 42°42’ 
r=3 
=8+ 164+ 32+ 64+ 128 = 248 


Exercises 2a 


1 Evaluate the first five terms of the sequences whose rth terms (u,) are 
(i) 3r — 1, (ii) (—3)"~!, (iii) 2” +r. 

2 Find a formula for u, for the sequences 

(i) 1, 8, 27, 64, 125... 
(ii) 1, —4,9, —16, 25... 
(iii) 4, 2, 8, 32,128... 

3 A sequence is defined by the rule u, = 1, u, = 2 and u,=u,_, + u,_2 
for r > 3. Find the first seven terms of this sequence. [This is the Fibonacci 
sequence; as r increases, the ratio u,,,/u, approaches the value 7, the 
golden ratio of Pythagoras. ] 

4 Ifu, = —1, uw, = —S and u, =a + br, find a, b and us. 

5 Evaluate u, for the sequences 

(i) 0, 7, 26, 63, 124... 
(ii) 2, 4, 6, 8, 10... 
(iii) 2, 11, 32, 71, 134... 
(iv) 3, 9, 27, 81, 243... 
(v) 2, —4, 8, — 16, 32... 
(vi) 5, 5, 35, 65, 275... 
(vii) 6, —36, 216, —1296.... 
6 Find the first six terms of the sequence defined by u, = 0, u, = 2 and 
6 


u, = U,., — U,-2 for r > 2. Hence evaluate )* u,. 

7 uy =,0, uz = 3, us = 12, and u,.=a+br+ cr. Find a, b, c and 
(i) pe u, (ii) a u,. 

8 Evatuate (i) S, for the series 1 +3 +6+9+ 12+ ..., (ii) S, for the series 
34+9+274+81+.... 


The arithmetic sequence and series 33 


9 The sum of the first n terms of a series is given by S, = n° — 2n for all 
values of n. Find u,. 


10 10 
10 If u, = log, or, show that ) u, = ¥ logior = log, 3 628 800. 
r=1 r=1 


2.2 The arithmetic sequence and series 


If the consecutive terms of a sequence differ by a constant number, their 
terms are said to form an arithmetic sequence or an arithmetic progression. 
Thus, for example, the numbers 1, 3, 5, 7,... are in arithmetic progression, 
the difference between consecutive terms being 2. 

An arithmetic sequence is completely defined by its first term (convention- 
ally denoted for the general arithmetic sequence by a) and the common 
difference (the difference between consecutive terms) denoted by d. The general 
arithmetic sequence is then 


a,a+d,a+2d,a+ 3d,...,.a+(r—1)d,... (2.5) 


and the rth term of the sequence is 
u,=at(r—l)d (2.6) 
If the numbers u,, u., v3, U4, ..., U;—1, U, are in arithmetic progression, 
Uz, U3, ..., U,_, are said to form (r — 2) arithmetic means between u, and 
u,. This is simply an extension of the usual notion of an arithmetic mean (or 
average). The three quantities a — d, a, a+ are in arithmetic progression 
and a is the arithmetic mean of the other two. 


The sum of the terms of an arithmetic sequence form an arithmetic series. 
For the general sequence (2.5), the sum of the first n terms is 


S,=a+(a+d)+(a+2d)+ ... t+a+(n—1)d (2.7) 


For this particular series, we can obtain a closed formula in terms of n for S, 
S,=at+(at+d)+(a+2d)+ ... +[a+(n—2)d] + [a+ (n—1)d] 
and 
S, = [a+ (n— 1)d] + [a+ (n—2)d] +...4(a+d)+a 
On addition, since corresponding pairs add to 2a + (n — 1)d, 
2S, = [2a + (n— 1)d] + [2a + (n—1)d] +... n times 
= n[2a + (n— 1)d] 


therefore 


S, = 5 [2a +(n—1)d] (2.8) 


This result can be written in another useful form. Since a is the first term, 
| =a+(n-— 1)d is the last term of the arithmetic series above and 


a+l=2a+(n—1)d 
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we have 
n 
S,=5(a+!) (29) 


Example | Find three numbers in arithmetic progression whose sum is 21 
and whose product is 315. 

Let the numbers be a — d, a,a +d. Thena—d+a+a+d = 21, therefore 
3a = 21, so that a = 7. 

a(a — d)(a + d) = a(a? — d?) = 315 
a? —d?=45 (since a = 7) 
d?=4 sothat d= +2 

and the required numbers are 5, 7, 9. 
Example 2 Find six arithmetic means between —3 and 18. 


We require eight terms in arithmetic progression, —3 being the first and 
18 the eighth. If their common difference is d, then 


18 = —3+7d sothat d=3 
The arithmetic means are 0, 3, 6, 9, 12, 15. 


Example 3 Evaluate the nth term and the sum of the first n terms of the 
arithmetic series: 3+7+11+15+4 .... Evaluate. u,, and So. 
The first term is 3 and the common difference 4. By (2.6), we have 
u, =3+(n—1)4=4n-1 


For S,, we have, by (2.8), 
S,1 = 5203) +(n— 1)4] = (an +2) =2n?+n 


therefore 

u,, = 4(11)—1 = 43 

Soo = 72[2(3) + 19(4)] = 820. 
Example 4 The first two terms of an arithmetic series are —2 and 3. How 
many terms are needed for the sum to equal 306? 


The first two terms a, a + d are —2 and 3, so that a = —2 andd ='S. 
The sum of the first n terms is thus 


$,=5[-4 + 51 1)] 


n 


therefore, if S, = 306, 
5n? —9n = 612 
5n? —9n—612 =0 
(Sn + 51)(n — 12) =0 
n=12 or —¥ 
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Thus, 12 terms are required. 


Example 5 Obtain a formula for | r in terms of n. (The sum of the first 
r=1 


n positive integers.) 
n 
Yr=14+24+3+... +0 


is the sum of the first n terms of an arithmetic series, whose first term is 1 
and common difference 1. Therefore 


r= 2220) + @— 1] 


Yr= mnt a (2.10) 





This result can be used to obtain the sum of any arithmetic series. For the 
series of Example 3 


S, =3+7+4+11+4+15... to nm terms 


=S4r-1) (= 4r—1) 


[= 141414 ...ntimes =n) 


=2n?+2n—n=2n?4+n 


as before. 


Exercises 2b 


1 Find three numbers in arithmetic progression whose sum is 3 and whose 
product is —15. 

2 The sum of three numbers in arithmetic progression is 18 and the sum 

of their squares is 206. Find the numbers. 

Find 12 arithmetic means between —5 and 60. 

Find the sum of the first 16 terms of the series 34+ 43+6+ 744 .... 

The first term of an arithmetic series is 7, the last is 70 and the sum is 

385. Find the number of terms in the series and the common difference. 

Find the sum of the first n terms of the series —1 +(—3)+(—S)+ 

(—7)+.... 


Evaluate (i) Dy 3r + 2), (ii) > (Sr — 7), (iti) ye — 3r). 


The third term of an arithmetic progression is ‘18, the seventh term is 30. 
Find the sum of the first 33 terms. 
Sum the first 2n terms of the series 

(i) 5+ 114+174 23... 


“a naw 


on 


\o 
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(ii) a+ 3b+ 2a+6b+ 3a+9b+... 
(iii) 3a — 2b + 4a — 4b + Sa—6b+ ... 

10 Evaluate (i) the sum of the positive integers less than 100; (ii) the sum of 
the positive integers less than 100 which are multiples of 3; (iii) the sum 
of the positive integers less than 100 which are not multiples of 7. 


2.3 The finite geometric sequence and series 


If the consecutive terms of a sequence are all in the same ratio, the terms 
are said to form a geometric sequence or a geometric progression. Thus, for 
example, the numbers 1, 2, 4, 8, 16... are in geometric progression, the ratio 
of any pair of consecutive terms being 2. 

A geometric sequence is completely defined by its first term (conventionally 
denoted for the general geometric progression by a) and the common ratio 
(the ratio of consecutive terms) denoted by r. The general geometric sequence 
is then 


a, ar, ar’, ar®,..., ar""', ... (2.11) 
The nth term of the sequence is 
a= ar (2.12) 


If the numbers u,, uz, u3, ..., U,—1, U, are in geometric progression, u>, 
U3, ..., U,—, are said to form (n — 2) geometric means between u, and u,. 
This is simply an extension of the usual meaning for the geometric mean, 
G, of two numbers c, d, namely, G = Jed. The three quantities a/r, a, ar are 
in geometric progression and a is the geometric mean of the other two. 

The sum of the terms of a geometric sequence form a geometric series. 
For the general sequence (2.11), the sum of the first n terms is 


n=atartar? +... tar"! (2.13) 


As with the arithmetic series, we can obtain a closed formula for S, in 
terms of n: 


S,=atar+ar?+ ... tar" *+ar""' 
therefore 
rS, = ar +ar?+ ... +ar"~' + ar" 
On subtraction, all terms cancel except the first and last; therefore 
S,(1 — r) = a-—ar" 
S.= a(1—r") = a(r" — 1) (2.14) 


l-—r r—1 


Example /_ Find three numbers in geometrical progression whose sum is 
28 and whose product is 512. 
Let the numbers be a/r, a, ar, then 


2 aor =a? = 512 a=8 
; 
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Therefore ae 8 + 8r = 28 
r 


8r? + 8r +8 = 28r 
2r? —5r+2=0 
(2r — 1)(r — 2) =0 
r=4 or r=2 
The required numbers are, therefore, $, 8, 8 x 2, ie. 4, 8, 16. 
Example 2. Find four geometric means between 2 and 486. 


We require six numbers in geometric progression such that the first is 2 
and the sixth 486. Let r be the common ratio. Then by (2. 12) 


2r5 = 486 
r5 = 243 
r= $243 =3 


Therefore, the required geometric means are 2 x 3, 2 x 37, 2 x 33, 2 x 34, 
ie. 6, 18, 54, 162. 
Example 3 Find the sum of the first n terms of the series 1 —3+5— 4+ 


1 1 
joe—3szt.... 

The series is a geometric series first term 1 and common ratio —}. Therefore, 
by (2.14), 
1t1-(-"] 

1 —(—}) 

S, = 3(1 —(—3)"] = §-4(-" 

Example 4 The first and last terms of a geometric series are 2 and 2048 
respectively. The sum of the series is 2730. Find the number of terms and 


the common ratio. 
Let the number of terms be n and the common ratio r. Then by (2.12) 


2r"~* = 2048 


S,= 


and by (2.14) 
2(r" — 1) 
r—1 
Therefore, r"~ ' = 1024 and (r" — 1)/(r — 1) = 1365, and these are the simul- 


taneous equations we must solve for r and n. Substituting from the first into 
the second, we obtain 


= 2730 





4r — 
ent 1365 
1024r — 1 = 1365r — 1365 
1364 = 3417 
r=4 
4-1 = 1024 


n-1=5 ien=6 
The number of terms is 6 and the common ratio 4. 
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Exercises 2c 


1 Find three numbers in geometric progression whose sum is 13 and whose 
product is — 64. 

2 The product of three numbers in geometric progression is 1, their sum 
is —j. Find the numbers. 

3 Find three geometric means between 5 and 80. 

4 The third term of a geometric sequence is —1, the seventh term is 
—81. Find the ninth term. 

5 The second term of a geometric sequence is 24, the fifth term is 81. 
Find the seventh term. 

6 Find the sum of the first eight terms of the series }+4+3+.... 

7 Evaluate 1+ /3+3+4+3/3+ ... +81,/3. 

8 The first term of a geometric series is 3, the last term 768. If the sum of 
the terms is 1533 find the common ratio and the number of terms. 

9 The pth, qth and rth terms of an arithmetic sequence are in geometric 








a - 
progression. Show that the common ratio is ; or : 2. 
10 The sum of the first n terms of a geometric series is 127 and the sum of 


their reciprocals is 727. The first term is 1. Find n and the common ratio. 


2.4 The infinite geometric series 


Consider the geometric series (with common ratio 4) 1+4+44+44... 


_ (lj 
s, = 18 = 271 - gn =2-ar"! 
aaray J 





Thus the sum of the first four terms is 1%, the sum of the first eight terms 
is 1434. From these results we see that, as we add more and more terms, 
the sum of the series gets nearer and nearer to 2. Indeed, the difference between 
the S, and 2 is just ()""1, and as n increases so this number decreases and 
approaches zero. We see that S, tends to 2 as n tends to infinity, since we 
can make S, as near to 2 as we please by choosing n large enough. The limit 
of S, as ntends to infinity is 2, which we write jim S, = 2,orS, +2asn— o. 


We say that the series above is convergent to sum 2, or ‘the sum to infinity’ 
of the series is 2. 
For the general geometric series a+ ar + ar? +... 


a(l — r’) a a 
Sep eer 








Now if —1 <r <1, r" decreases as n increases. We say that the limiting value 
of r" is zero. Thus, as n increases, S, approaches the limiting value (denoted 


a : a 
by S) ice We say that the series converges to the sum i the sum 
—r = 


to infinity of the series. 
Thus, if —1 <r <1, the sum to infinity of the geometric series a + ar + ar? 
+... 18 
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lim S,=S = — (2.15) 


noo —_ 


(The condition —1 <r <1 is often written in the form |r| < 1. |r|, the modulus 
of r, is the positive number having the same magnitude as r. Thus |3| = 3, 
|—4| = 4, |—3] = 3, etc. See Section 1.4.) 

The result (2.15) is only valid if |r| < 1. For the series 1+2+4+8+... 
for which r = 2, S, increases indefinitely as n increases, and so S, has no finite 
limit. 

Example 1 To what sum does the following series converge: 1 —4+3$— 
ay7+...? 

This is a geometric series with common ratio — 3. |—4| = 4 is less than 1. 
Therefore, by (2.15) the series converges to sum 


1 1 
§ =————_ =- =3 
1-(-) 4 * 


Example 2 Express 0-777 recurring as a fraction. 


0-777 recurring = 75 + too + tooo t toH00 +: 


that is, it is the limit of the sum of the geometric series whose first term is 
zo and whose common ratio is 7#5(<1). Therefore, by (2.15) 


7 
16 


=%3 
— 
1-16 


0-777 recurring = 





Example 3 For what values of x does the series 


poe ee pea 
x —_—_—_ TN ——_ 
1+x (1+x)? (1+) 
converge? And to what sum does it then converge? 


The series is a geometric series with common ratio ———. The series will 








1+x 
thus converge if 
1 

F +x o 
which we write as 

Ix+1|>1 
Thus 

x+1>1 ie. x>0 

or 


x+1<-1 ie x<-2 


Thus, the series converges if x > 0 or x < —2. The limit of the sum of the 
series is then 
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x x 
je eee 
l+x 14+x 
=1+x 


We also observe that the series will converge if x = 0, for then each and 
every term is zero. The sum will of course also be zero. 


Exercises 2d 


1 Find the sum to which the following series converge: 
(i) 1—x+x?-—x34... (—1<x<]1) 
(ii) $+ ss+storst... 
ill) Soe)’ + ale) Feu 
2 Show that the series 


ee 2x ef 2x \2 2x 3 
x44 Vega) tee 4a) 


is always convergent and find the limit of its sum. 

3 Express 0-232323 recurring as a fraction. 

4 Show that if 6 is an acute angle between 0 and 7/2, the limit of the sum 
of the series cos 0 + cos Osin? 6 + cos Osin* 6 + ... is sec. 

5 Determine the range, or ranges of values of x for which |3x —5|>7. 
If x has a value which satisfies this condition show that the infinite series 


Ts ees a (es re aR 
3x —5 3x —5 3x —5 = 


3x —5 
3x— 12° 





has sum 


Exercises 2 


1 Thesum of the squares of three positive numbers in arithmetic progression 
is 155. The sum of the numbers is 21. Find the numbers. 

2 The sum of the first n terms of a geometric series is 364. The sum of their 
reciprocals is 3§$. If the first term is 1, find n and the common ratio. 

3 The sum of the geometric progression a, ar, ar”, ar"~' is S. The product 


of these n terms is P. Find R, the sum of the reciprocals of these n terms, 
S n 
and show that (3) = P?, [AEB] 


4 If a and r are both positive, prove that the series loga + logar + log ar? 

+ ... +logar"~‘ is an arithmetic series and find the sum of the terms. 

5 The first term of an arithmetic series is 3p + 5, where p is a positive 

integer. The last term is 17p+ 17 and the common difference is 2. Find, 

in terms of p (i) the number of terms, (ii) the sum of the series. Show that 
the sum of the series is divisible by 14, only when p is odd. 

[AEB] 


8 


9 


10 


11 


12 


13 


14 
15 


16 
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Find the sum of each of the following: 
(i) All the odd numbers with three digits of which the first digit is not 
zero. 
(ii) All the odd numbers less than 1000. 
(iii) All the numbers less than 100 which end in 5 or 7. 
If m is a positive integer prove that 


(L+x+x74 0... +x?™\(1—x4tx?—x3 +. + x2m) 
= FXO TX + wd +X 
(1 2 4 om) 


Write down the nth term of the arithmetic series with first term a and 
common difference d. 

In each of a set of n separate arithmetic series, the first term is 1. The 
common difference of the first series is 1, of the second 2, of the third 27, 
and so on. Find, in its simplest form, a formula for the sum of the nth 
terms of the n series. [JMB, part] 
The third, sixth and seventh terms of a geometric progression (whose 
common ratio is neither 0 nor 1) are in arithmetic progression. Prove 
that the sum of the first three is equal to the fourth term. 

The first term of an arithmetic series is 3, the common difference is 4 and 
the sum of all the terms is 820. Find the number of terms and the last 
term. [JMB] 
The sum to infinity of a geometric series is S. The sum to infinity of the 
squares of the terms is 2S. The sum to infinity of the cubes is $48. Find 
S and the first three terms of the original series. [LU] 


: ; 1 i 
Find how many terms of the series 1 + 5 tat re +... must be taken 


52 
so that the sum will differ from the sum to infinity by less than 10~°. 
A ball when dropped from any given height loses 20 per cent ofits previous 
height at each rebound. If it is dropped from a height of 40 m, find how 
often it will rise to a height of over 8 m. How far does the ball travel 
before coming to rest? 

Find the sum of all the positive integers less than 1000 that are not 

multiples of 3. 

The three real, distinct and non-zero numbers a, b, c are such that a, b, c 

are in arithmetic progression, and a, c, b are in geometric progression. Find 

the numerical value of the common ratio of the geometric progression. 

Hence find an expression, in terms of a, for the sum to infinity of the 

geometric series whose first terms are a, c, b. [JMB] 

(i) In an arithmetical progression the sum of the squares of five con- 
secutive terms equals 20 times the square of the middle term and the 
product of the five terms equals 80. Find the middle term. 

(ii) A nail, 4 cm long, is driven into wood by blows of a hammer. The 
first blow drives it in 25 cm and each successive blow drives it in 
two fifths of the previous distance (except the last for which the distance 
is less). Find how many blows must be used. 

If the blows are reduced, the ratio of successive distances being 
maintained, find the least initial distance through which the first blow 
must drive the nail in order that the nail may ultimately be driven 
home. [LU] 
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17 


18 


19 


20 


21 


22 


23 


25 
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The nth term of a series is (an + Sr") where a and r are constant with 
r #0 or 1. Find the sum of the first n terms. The nth term of the series 
18 + 36+ 64+ ... is of the form stated above. Find a and r and the sum 
of the first 10 terms. 

The first term of a geometric series is 18 and the sum to infinity is 20. Find 
the common ratio and the sum of the first six terms. Find also in its simplest 
form the ratio of the nth term to the sum of all the subsequent terms 
of the infinite series. [JMB] 
If S,, denotes the sum of the first n terms of a geometric progression whose 
first term is a and whose common ratio is r, show that 


(i) Si(S3n ae San) = (Son = S,)? 
S 


(ii) pm-n = Smee — Sm 
Sys, ~~ Sn 


For what values of x do both the series 


l—-x4+x?-x3 4x74... 


x , ae ie 
EEE eS 
1+x 1+x 
converge? 


If for any value of x in this range, the limits of the sum of the two 
series are S, and S,, show that S,S, = 1. 
Write down the sum of the natural numbers from m to n(n > m) inclusive. 
The natural numbers are arranged in groups thus: 1 + (2 + 3) +(4+5+46) 
+(7+8+4+9+10)+ ...,so that the rth group contains r numbers. Find 
(i) the first number in the rth group, (ii) the sum of the numbers in the 
rth group. Show that the sum of the numbers in the (2r — 1)th group is 
r—(r—1)*. [WJC] 


c? 3 c* 


+——_, + ——_ + .. 
l+c (l+c)? (1 +c)? 
values of c greater than —4. 

If c, and c, are two possible values of c for which the series converges 


and S, and S, are the corresponding sums, show that if c, >c2, Sy > S». 





Show that the series c + —— . converges for all 





Find for what values of x the series 
nol l—-x (l1—x)* (1-—~x)3 
(i) FA z 3 a 
1+x (+x) (+x) (14+) 
1 1+x (i+x)?  (14+x)3 





ii + oe 
) Tax * 4 30? 1430? * 
converge, and prove that the sum to infinity of the first series is. [LU] 
If T, =a" ',a# l,andS, = 7,+T7,+... +T,, find, in terms of a and n, 
in their simplest form, 

(i) T,+7T,+73;+... +T, 

(ii) T,T,T3 ... T, 


(ili) S; +S, +5S,+... +58, [AEB] 
If p, g, r, S, are successive terms of an arithmetic sequence show that 
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1 1 1 1 : : : ‘ 
—, — are also successive terms in an arithmetic sequence. 


qrs’ rsp’ spq’ par 

26 The pth, qth and rth terms of a sequence are P, Q and R respectively. 
Show that 
(i) if the sequence is arithmetic, 


P(q—r) + Q(r— p) + R(p— 4) =9 
(ii) if the sequence is geometric, 
(q —r)log P + (r — p) log Q + (p— q)logR = 0 


27 The sum of the first p, q, r terms of an arithmetic series are P, Q, K 
respectively. Show that 


Paqr(q — r) + Qpr(r — p) + Rpq(p — q) = 0. 


28 An arithmetic series and a geometric series have r as the common 
difference and the common ratio respectively. The first term of the 
arithmetic series is 1 and the first term of the geometric series is 2. If the 
fourth term of the arithmetic series is equal to the sum of the third and 
fourth terms of the geometric series, find three possible values of r. 
When |r| <1 find, in the form p+ q,/2, (i) the sum to infinity of the 
geometric series, (ii) the sum of the first ten terms of the arithmetic 
series. [AEB] 

29 The sum of three real distinct quantities in geometric progression is p, 
and the sum of their squares is q. Show that the middle one is equal 
to oa and that p?/q must be in one or other of the ranges: 


p? p? 
te Sa [WJC] 


30 The first term of a geometric series is 2 and the second term is x. State 
the set of values of x for which the series is convergent. Show that when 
convergent the series converges to a sum greater than 1. If x = 4, find 
the smallest positive integer n such that the sum of the first n terms differs 
from the sum to infinity by less than 27 !°, [LU] 
The sum of the first n terms of a series is 2n? + n. Find the nth term of 
the series and show that the series is an arithmetic progression. State the 
values of the first term and the common difference. Find the least value 
of n for which the sum of the first n terms of the series is greater than 
1000. [C] 
32 A geometric series with first term 3 converges to the sum of 2. Find the 
fifth term in the series. [LU] 
33 (i) The sum to infinity of a geometric progression is 3. When the terms 
of this geometric progression are squared a new geometric progression 
is obtained whose sum to infinity is 1-8. Find the first term and the 
common ratio of each series. 
(ii) Express the recurring decimal 0-321 in the form p/g, where p and q 
are integers with no common factor. [AEB] 
34 Show that when the 2n terms of the series 


1727 432-424 ©. +(2r— 1)? —(2r)? + ... + (2n— 1)? — (2n)? 


3 


— 
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are bracketed in pairs, an arithmetic progression is formed. Hence find 
the sum of the given series. [C] 
35 The sum of the first twenty terms of an arithmetic progression is 45, and the 
sum of the first forty terms is 290. Find the first term and the common 
difference. Find the number of terms in the progression which are less 
than 100. rIMB] 


3 
The binomial theorem 


3.1. The binomial theorem for a positive integral index 


In this section, we shall obtain a formula for the expansion, in terms of 
powers of x, of (1 + x)", where n is a positive integer. 
First, we observe that by ordinary multiplication 


(l+x)=1+x 
(1+ x)? =(14+x\(1+x)=14+2x+x? 
(1+ x)? =(1 + 2x + x71 +x) =1+4 3x + 3x? 4+ x3 
(1+ x)* =(14+ x)(1 + x) = 14+ 4x + 6x? + 4x3 + x4 
(1+ x)§ =(1 + x)*(1 + x) = 1+ 5x + 10x? + 10x? + 5x*+x° 


and so on. 

From these few results, we notice that in each case the first and last 
coefficients are unity. Further, we notice that each of the other coefficients 
in (1 + x)"*? is the sum of the corresponding coefficient and the preceding 
one in the expansion of (1 +x)". Thus we can lay out the coefficients for 
successive powers in the form of a triangle (Pascal’s triangle) using these two 
rules. The last two rows which are obtained in this way are, as is readily 
verified, the coefficients in the expansion of (1 + x)® and (1 + x)’ respectively. 


1 1 

12 1 

13 3 1 

14 6 4 1 
15 10 10 5 1 
1 6 15 20 15 6 1 


1 7 21 35 35 21 7 1 etc. 


In order to be able to write down the expansion 01 (1 + x)” in powers of x, 
we need a formula for the coefficient of x” in the expansion of (1 + x)". We 
shall denote this by the symbol (7) so that 


(1+x)"=1 +(th+(3)e +. +(Mprrne(,” ee +x" (3.1) 
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Our problem is then to find a formula for (7) in terms of n and r. 
It can be seen that the coefficients in the row corresponding to (1 + x)" 
follow the pattern 


n(n—1) n(n — 1)(n — 2) 





Lh Coe 
Thus 

6\ 66 — 1)(6—2) | 

(3) =? = 54 20 

4) 44-1) 4.3 _, 

=o Shoe 


and so on. We shall show that 


(")-* 1)(n — 2)... (n—r41) 3.2) 
r r(r — 1)(r — 2)... 3.2.1 
is the appropriate result for the general case. There are r factors in both 
numerator and denominator. In the numerator the factors begin at n and 
decrease by one each time to n—r-+ 1; in the denominator they begin at 
r and decrease by one each time to 1. Equations (3.1) and (3.2) constitute 
the binomial theorem when n is a positive integer. 

Before proving this result, we shall verify its correctness for some of the 
cases already considered. 


Example 1 Use (3.2) to evaluate the coefficients of (i) x, x?, x3, x*, x° in 
(1 + x)> and (ii) x, x?, x3, x4, x5, x® in (1 + x)°®. 





which are the results we had before. 


Note (3) = — = 1,so that the result is true for the last coefficient 


.. [6 6 6 6.5 6 6.5.4 
) (})=f=6 ()-$- ” ()-s537 
(()-59t7 ()-sas377° 
4 4.3.2.1 5 5.4.3.2.1 
which are the results we had before. Also 
(6) _ §.5.4.3.2.1 = 
6 6.5.4.3.2.1 
Indeed, we see that 


n n(n— 1)... 3.2.1 
= —________ = ]| 
& n(n—1)... 3.2.1 eral 
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Thus (3.1) and (3.2) would give 
(1+x)° = 14 5x + 10x? + 10x3 + 5x44 x5 
and 
(1 + x)® = 1+ 6x + 15x? + 20x? + 15x* + 6x5 + x® 
which we know to be correct. It is readily verified that (3.1) and (3.2) also 
give the correct expansion for (1 + x)?, (1 + x)?, (1 + x)*. 
We also observe that our formula for (") satisfies the result that a coefficient 


in (1 + x)"*? is the sum of the corresponding coefficient and the preceding 
one in the expansion of (1 + x)”. In symbols, this is 


( : ) ~ (") - ( : ‘ (3.3) 


and with (%) as given by (3.2) 
(")+( n SS 1) an — 1)... (n—r-4 2) 








r r—1 rr—1)...3.2.1 “(r—1(r—2)... 2.1 
_ n(n—1)(n— 2)... (n—r +1) 4+r(n(n— 1)... (n—r + 2) 
rr —1)...3.2.1 
_n(n—1)(n— 2)... (n—r+2)\n—r+ 1 +?) 
r(r— 1)... 3.2.1 


_ (nt In(n— 1)... (n—r +2) 
7 rr —1)(r—2)... 3.2.1 


_ (nt (n+ 1— Mn+ 1—2)... (a+1—-r+1) 


r(r—1)...3.2.1 
_ (nti 
> r 


which proves the result. 


The expansion of (a + x)" 


Assuming for the moment the validity of (3.1) and (3.2), we notice that 
(a +x)" can be expanded in terms of powers of x and a with the same 
coefficients. 


a: 
a 
+ 
3 
= 
ll 
ts] 
NS 
— 
+ 
ag |[x& 
NWLES 
a7 
ll 
a 

rj 
aN 
— 
+ 
R[x 
“Zz 
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therefore 
(a+x)"=a"+ ({)ar + (;)rar-3 +...4 (*)xa +...¢x" (3.4) 


Example 2. Expand (2 + x)° in powers of x. 
Using the coefficients as given by Example 1, 


(2+ x)® = 25 45.24% + 10.23x? + 10.27x3 + 5.2x4* + x5 
= 32 + 80x + 80x? + 40x? + 10x* + x5 


The evaluation of (*) 
r 


n\ _n(n—1)...(n—r+1) 
_nn—1)...(n—r4+1) (n~r(n—r—1)... 3.2.1 
~ rr —1)...3.2.1 (n—n(n—r—1)... 3.2.1. 


n nt 
Ca — 


where n! (factorial n) is used to denote the product of the integers from 
n down to 1. Thus 2! = 2.1 =2, 3! =3.2.1 =6, 41= 4.3.2.1 = 24, etc. 
From (3.5) we see that 


therefore 


n = n! 7 n! 
¢ eS ) ~(n—ni[n—-(—n]}! rin—n! 


(.2.)-() 60 


a result which merely expresses the symmetry of the coefficients which was 
apparent for the numerical cases considered earlier. 
We use this symmetry to define 


(=) m 


therefore 


Then 


a5 (")e (3.8) 
r=0\" 


using the notation of the previous chapter. 
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Example 3 Evaluate (i) (2), (ii) (79), (iii) (8). 


(i) By (3.2) 
20 20.19 
i} mee ees 


(ii) We first use (3.6) 


20 20\ = 20.19.18 
() -3)-. = 60.19 = 1140 


(Had we used (3.2) for (?9), we should have 17 factors in the numerator 
and denominator.) 


Ss 8 8 8.7.6 
(uu) (5) G) 3.2.1 
Example 4 Expand (1 — 2x)* in powers of x. 


We write (1 — 2x) as [1 + (—2x)] 
(1 — 2x)* = [1 + (—2x)]* 


=14+ ({)(-29 + (3)(-20 + (3)-20° + (—2x)* 


=1+ (th-2 + (3\-20? + (3)- 2x)? + (—2x)* 


= 1 — 8x + 24x? — 32x* + 16x* 
Example 5 Expand (x + 3y)°®. 


6 6 6 6 6.5 6 6.5.4 
()-G)-¢ G)-@-H-» G)-37-™ 
By (3.4) 
(x + 3y)® = x® + 6x5(3y) + 15x4(3y)? + 20x3(3y)? 
+ 15x?(3y)* + 6x(3y)5 + (3y)® 
= x + 18x5y + 135x+y? + 540x3y? + 1215x2y* 
+ 1458xy5 + 729y° 


Exercises 3a 


Assume the validity of (3.1) and (3.2). 

1 Obtain the expansions in powers of x of (i) (1+. x)’, (ii) (1+ x), 
(iii) (1 + x)*. 

2 Use the rules described at the beginning of this section to obtain the 
coefficients in the expansions of (1 + x)® and (1 + x)°, i.e. obtain the next 
two rows of Pascal’s triangle. 

3 Use (3.1) and (3.2) to verify the results obtained in question 2. 


4 Evaluate (i) Gat (ii) e (iii) ie (iv) & 


5 Expand (i) (1 + 3x)‘, (ii) (1 — x)9, (iii) (1 — 2x)’. 
6 Expand (i) (3 + x)*, (ii) (2 — x)®. 
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7 Expand (i) (2x + 3y)%, (ii) (2x — Sy)*. 
8 Obtain the fourth term in the expansion, in ascending powers of x, of 
(2 + 3x)". 
9 Calculate a if the coefficient of x? in (a + 2x) is 320. 
10 Calculate the coefficient of x>y* in (2x — 3y)’. 


3.2 Proof of the binomial theorem when z is a positive integer 


The results of the previous section suggest that the results (3.1) and (3.2) are 
true for all positive integer values of n. We shall now prove this by a method 
of proof known as mathematical induction. 

We assume that for a particular value of n, say n = N, the results (3.1) 
and (3.2) are correct. (This is not so unreasonable since we have seen that 
this is so when n = 2, n = 3, n= 4, n= 5, and n = 6 among others.) 

Thus we assume 


N N 
(l+x)"=1 +(T)+(S)e+ oo +(e as +(,. pote 


Then 


(1 +x)¥t? =(1+ x)(1 + x)* 


N N N 
-asn(i+(T)+(S)e4 = +(e de +x") 
Therefore 


cootora(()ejo(()C) 
can e((Me(M ee et 


by ordinary multiplication. 
Now 


and by (3.3) we have 
)=)=C7") 
+ = 
r r—1 r 
Thus our initial assumption inevitably leads to 
N+1 N+1 N+1 
(1 + x)¥*? =1+( 1 )s+( . vs hs +( 2 yy 


N+1 
PP sae +( - Jars 
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Thus, we have proved that if the results (3.1) and (3.2) are true for a given 
value n = N, then they are true for the next value of n, ie. n = N +1. But 
we have seen that the result is true for n = 2, therefore it is true for n = 3, 
therefore it is true for n = 4, and so on for all other positive integer values 
of n. Thus we have shown that (3.1) and (3.2) are true for all positive integer 
values of n. We have also proved (3.4) and (3.8) for such values of n. 


Example ]_ Expand (1 + x + x?)? in powers of x. 
(l+x+x?P =[1+(x+x?)} 
= 1 + 3(x + x?) + 3(x + x7)? +(x + x7)? 
= 1+ 3x + 3x? + 3(x? + 2x3 + x‘) 
+ (x3 + 3x* + 3x5 + x®) 
= 1+ 3x + 6x? + 7x? + 6x* + 3x5 + x® 


10 
Example 2. Find the coefficient of x® in (x + x) 
x 


2 10 
The (r + 1)th term in the expansion of (x + 2) is 


(ere 2) = (pen Spree 


Thus, for the term in x®, 


20 —3r =8 ie. r=4 
. . . 10 4 4 
Therefore, the required coefficient is 4 2*y 


_ 10.9.8.7 


= 4 4 4 
F357 18Y* = 210. 16y* = 3360y 


Example 3 Find the values of a if the coefficient of x? in the expansion of 
(1 + ax)*(2 — x)? is 6. 
(1 + ax)* = 1 + 4(ax) + 6(ax)? + 4(ax)? + (ax)* 
(2—x)? = [2+ (—x)]® = 2? + 3.27(—x) + 3.2(—x)? +(-x)? 
= 8 — 12x + 6x? — x? 


Therefore, the coefficient of x? in the expansion of (1 + ax)*(2 — x)? is the 
coefficient of x? in 


(1 + 4ax + 6a?x? + 4a°x? + a*tx*) x (8 — 12x + 6x? — x?) 
This coefficient is 6 — 48a + 48a”. If this is equal to 6, 
48a? — 48a + 6 = 6 
8a? — 8a =0 
8a(a — 1) =0 
a=0 or a=1 
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Example 4 Expand (x + 5y)°. Hence evaluate (1-05)° correct to three decimal 


places 
5 5 5 5 5.4 
()-G@)=3 ()-G)-a-” 
Therefore 


(x + Sy)> = x° + 5x*(Sy) + 10x3(Sy)? + 10x?(Sy)? + S5x(Sy)* + (Sy)5 
= x5 + 25x4y + 250x3y? + 1250x?y? + 3125xy* + 3125y° 
With x = 1, y = 001, we obtain 
(1-05)> = 1 + 25(0-01) + 250(0-0001) + 1250(0-000 001) 
+ 3125(0-000 000 01) + 3125(0-000 000 0001) 
~ 1+ 0:25 + 0-025 + 0:001 25 


where we have omitted the last two terms since they do not affect the first 
five decimal figures. Therefore 


(1:05)> = 1-276 25 
or to three decimal places 
(1-:05)° = 1-276 


Exercises 3b 


1 Expand in powers of x, (1 + 2x + 2x?)*. 

2 Expand in powers of x, (1 — x + 2x?)*. 

3 Find the coefficient of x in the expansion of (1 + x + 2x?)°®. 

4 Expand (1 + 2x + x?)?. (You might be able to obtain this result in an 
easier way.) 


18 
5 Find the coefficient of x° in the expansion (5 - x) : 
x 


4 2\10 
6 Find the term independent of y in the expansion of (5+ r) . 


6 
7 Find the term independent of x in the expansion of (2 — 2) i 


8 Find the coefficient of x?? in the expansion of (1 — 3x)(1 + x3)!°. 
9 Find a if the coefficient of x in the expansion of 
(1 + ax)®(1 + 3x)* — (1 + x)3(1 + 2x)* 


is zero. What is the coefficient of x?? 
10 Expand (x + 2y)’. Hence evaiuate (1-02)’ to four significant figures. 


3.3. The binomial theorem when z is not a positive integer 


It can be shown (although the proof is beyond the scope of this book) that 
if —1 <x <1 andn has any value 
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(1+x)=1tne¢ D2 ED 3 


(2.3 x" +... (3.9) 


The expansion (3.9) is known as the binomial theorem. If nis, in fact, a positive 
integer, the coefficients after the coefficient of x” are all zero since they each 
contain the factor (n—n). Thus, for this case, we see that the expansion 
terminates with x". We obtain, of course, the same result as was given by 
(3.1) and (3.2) and for this particular case the requirement that —1<x<1 
is not necessary. 

If n has a value other than a positive integer, the expansion will not 
terminate and the requirement — 1 < x < 1 is absolutely essential. This latter 
requirement is often written, following the notation of the first chapter, 
|x| < 1. Although the expansion does not terminate in this case, it can still 
be used with great effiect to approximate (as accurately as we like) the value 
of (1 + x)" when x has a value such that |x| <1. 


Example 1 Obtain the first five terms in the expansion (1 + x)'/?. Hence 
evaluate i 1:03 to five significant figures. 
For this case, n = 4 and so by (3.9) 


Yi yy 
(1+ x)? =1+4()x peel 5 De) ae 2) 3 
23 — 1G — 2)G — 3) 
o— - (oar, 2 


=1 + 4x —4x? + 5x? —gxt +... 
With x = 0-03, which is certainly between —1 and +1, 
(1-03)!/? = J1-03 = 1 + 5(0:03) — $(0-0009) + 7:(0-000027) +... 


and since we only require the result to four decimal places, we need in fact 
only consider the first three terms. Therefore 
(1-03)'/2 = 1 + 0015 — 0-000 1125 + 00000017 +... 
= 10148892 
1:03 = 1:0149 correct to 5 significant figures 


Example 2 Expand (i) (2 + x)~ +, (ii) — 
—x 


~3)1 4-0 ey 


(= 1)(—2)(— 3) /x\? eda 
+ 123 9 +... provided Fy <1 
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Therefore 
2 3 4 
Q4+n1=5-5+ 5 S45... provided |x| < 2 
(ii) re ae) ee 
—1)(-2 
= 1+ (—1(—x) + PO 
1.2 
—1)(—2)(-3 
MENEIES os: 
Therefore 
pop ritetttet tate... provided |x| <1 


(cf. (2.15) with a = 1) 


If we ignore the requirement |x| < 1 and put x = 2 in the left-hand side, we 
obtain —1. On the right-hand side, we obtain 1 +2+4+8+..., which is 
quite meaningless and is certainly not ~—1. The point to realise is that the 
expansion is only valid of -1<x<1. 


Example 3 Show that if x is so small that x? and higher powers of x can 
(1 + 2x)?/? —4(1 + x)¥/?__ 


lax? —3+x + 5x?. 





be neglected, then 


3\(1/9 x2 
(1 + 2x)9/2 = 1 + (3)2x + BEY” as far as terms in x? 


as far as terms in x? 


(1+x)"? =1+3x 4 W=d,2 
1.2 


(1+ x?)"'=1—x? as far as terms in x? 
Therefore 
(1+ 2x)? — 40 +! 


rae = (1 — x?)[1 + 3x + 3x? — 4(1 + 4x — §x?)] 





Simplifying and retaining only terms which involve x? and lower powers of 
x, we have 


(1 + 2x)9? — 41 + x)! 
1+ x? 





= (1 —x?)(—3 +x + 2x?) = —3 +x + 5x? 


Example 4 Expand ——— in ascending powers of x as far as the 


3- 
(i Te +52) 
term in x?. 


3- 
We first resolve ——— Sit 4x8 into partial fractions: 


(1 — 2x\1 + x*) 
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3-—x ae 1+x 
(in +x) 12x 14x? 
= 21—2x)-1+(1+x)(1+x?)7! 
= 2(1 + 2x + 4x7 + 8x34...) 
+(1+x)d —x?+xt*— x8 4+ x84...) 

= (2+ 4x + 8x? + 16x? +...) 

+14+x—x?—x34... 

= 34+5x+ 7x? 4 15x34... 

This expression is valid only if both —2x and x? lie between —1 and +1: 
-1<-2x<1 if —}<x<4j 
—-l<x?<1 if -l<x<1l 


Therefore, for the expansion to be valid, x must lie between —4 and 4, 
ie. |x| <4. 


Exercises 3c 


1 Obtain the first four terms of the expansion of (1 + 3x)!/3 in ascending 
powers of x. Hence evaluate ~/1-03 to five significant figures. 
2 Evaluate (0-95)!"3. Use logarithms to check your result. 


1 
3 Show that (i) ripe es 1+2x+3x?+4x3+ ... and (ii) 
3.4x? i 4.5x3 
2 2 
4 Obtain the expansions in ascending powers of x of 


(i) 


I — 
(l—x)> 
1+3x+ 








1 ox a ad 
dey GE 


5 Use the results above to expand in ascending powers of x 
1 mt, 2- il duce. al 

re OC MBH 

6 Show that \/(9 + x”) 3+ §x? — x}¢x*. For what values of x is the 


expansion valid? 
7 Show that 


1 4 
1+x (id) 


(i) 


ee a Os ae + 
at+bx a a ‘a a* ccna 
For what values of x is the expansion valid? 
8 Show that, if x is so small that x> and higher powers of x may be neglected, 


(1+ x)? -(1+ 3x)? son 
(=) yz — Rx. 


: : 3-4x : 
9 Obtain the expansion of Toe ot in ascending powers of x as far 





as the term in x*. 
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10 Show that if x is so small that x? and higher powers of x can be neglected 
1+x 


IG) =1+x-+4x?. By putting x = 4, show that /3 = 17S. 
—x 


3.4 Mathematical induction 

In Section 3.1, we proved the binomial theorem for n a positive integer using 
the method of mathematical induction. This method is very useful where 
particular cases suggest that some result is true quite generally. The following 
examples are further illustrations of the method. 
Example 1 Show that if n is a positive integer, 

_ (n+ 1) 
~s.2 


We observe that the result is true for the particular cases n = 1,n = 2, namely 
1(1 + 1) 2(2 + 1) 
; 2 i 2 
We assume the result is true for a particular value, say n = N. Thus 
N(N + 1) 
2 


1424+34+4+... +n (cf. (2.10)) 











1424+34+..4+N= 


Then for the next value of n,n =N+1 


N(N+1 
142434..4N4(N4 =" AIO Ley 


mos o(% 41) 


= 4(N + 1)(N + 2) 
= 3(N + IE(N + 1)4+ 1) 
Thus, if the result is true for any particular value of n, it is also true for 
the next value of n. But we have seen that it is true for n = 1, therefore it 


is true for n = 2, therefore it is true for n = 3 and so on for all positive integer 
values of n. 


Example 2. Show that for all positive integer values of n, 52" + 3n — 1 is an 
integer multiple of 9. 
We first observe that for n = 1 


57+ 3.1—1=27 
which is a multiple of 9. We assume the result to be true for n = N, that is 
574+ 3N—1=9M 
where M is some integer. Then for n= N + 1, we obtain 
520N+1) + 3(N + 1)— 1 = 25.57% + 3N +2 


= 259M —3N 4+ 1)+ 3N+2 
(since 57% = 9M — 3N + 1) 
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= 9.25M —75N +25+3N+2 
= 9.25M — 72N + 27 
= 9(25M — 8N + 3) 
This proves that 527%*" + 3(N + 1) —1 is a multiple of 9 if 57% + 3N — 1 is 


a multiple of 9. 
The required result is true when n = 1, therefore it is true when n = 2 and 
so on for all positive integer values of n. 


Exercises 3d 

Use the method of mathematical induction to prove that if n is a positive 
integer: 

1 2">n. 

2 17+274+374+... +n? = gn(n + 1)(2n + 1). 


314+345+.. + (Qn — 1) =r? 
4 n(n + 1)(n + 2) is an integer multiple of 6. 
5 7"*!4 1 is an integer multiple of 8. 


Exercises 3 


1 Expand (1 — x + 2x?) in ascending powers of x as far as the term in x* 

2 Use the binomial theorem to evaluate ve to five significant figures. 

3 Expand (1 — x)! —2(1- 2x)? + (1 3x) 1/3 in ascending powers of 
x, up to and including the term in x? 

4 If N =x? +1 and t/x? is so small that its fourth and higher powers may 
be neglected, show that 


t ee) fa 
3 N = een ee ee ss 
Y/N a 3x? 9x5 * 81x 
Hence evaluate af 64-032 correct to eee decimal places. [AEB] 


1 
vil =x) 
may be Oe 
6 If x is small show that (1 — x”)7!/3 = 1 + 4x? + x* 
7 — 23x + 48x? 
(2 + x1 — 3x)? 
x" when the expression is expanded in ascending powers of x when 
—5<x <j}. [LU, part] 
8 Expand ./4 — x as a series in ascending powers of x up to and including 
the term in x?. If terms - x", n > 3, can be neglected, find the quadratic 


5 Show that —J/(l+x)= 5+ if x* and higher powers of x 


7 Express - in partial fractions and find the coefficient of 


hts 4- 
approximation to = State the range of values of x for which this 
approximation is valid. [AEB] 


9 If x* and higher powers of x can be neglected show that 


_1l-x 4 ae 
ipso 
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10 


11 


12 


13 


14 


15 
16 


17 


18 


19 
20 
21 


22 
23 
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In the expansion in powers of x of the function (1 + x)(a— bx)!” the 
coefficient of x® is zero. Find in its simplest form the value of a/b. 


show that ("*7) = ( y ) +2( a )+(") where n >r>2. 
Po! r—2 r—1 r 


Use the method of induction to show that 





n n?(n + 1)? 
5 cae 
2 4 
If x is small show that 
1 
J + 6x) — ————— 
{= 
eAL SOD Aoi 


Use the method of induction to show that 


se eg SU 5 eee nea 
1.2°23°3.4° “ntl n+l 


Expand (1 + 4x?)!/? in ascending powers of x up to the term in x®. Hence 
evaluate ,/1-04. 
Evaluate the term independent of x in the binomial expansion of 


1 9 
5) eee 
(*-a} 


Show that if x is so small that x* and higher powers can be neglected 
roe 1 +2x + 3x? 
(1 — x)(1 + x?) 
and find A, B, C, D. 
Write down the first few terms in the expansion in ascending powers of 


can be expressed in the form A + Bx + Cx? + Dx? 


x of (1 + 4x)!/2, and simplify the coefficients. Hence by putting x = — 745, 

calculate ,/6 correct to four decimal places. (JMB, part] 
3 3x? 1 

If x is small show that (1 + x)?/? +14 esi et x3, Evaluate ,/11. 


2° 8 16 
Find p and q if the coefficients of x and x? in the expansion of 


(1 + px + qx? + 4x3)(1 + x)® are both zero. 
If |x| <1, prove that the sum to infinity of the series 


1 
1+5x+9x? 4+... +(4n+1)x" is eee, 
(1 — x) 
[JMB, part] 
Show that 34"*? + 2.43"*1 is exactly divisible by 17 ifnisa positive integer. 
Use the binomial theorem to show that the expansion of 
1 : 1 1.3 13.5.5 


is 1+—=x+——x?4+ 


(1? a ges ee 
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Also show that 


bg 4g 42 | 4.12.20 
* 10 * 10-20 * {0.20.30 


or eee ia ‘ 1.3.5 Ft 
= 10 ' 10.20 ' 10.20.30. 


[JMB, part] 

1+x 

24 If ———. 

(1 — x) 

that the coefficient of x"~' is 2n — 1 and that the sum of the terms after 
(2n + 1)x" 2x"*? 

- LU, part 

l—-x (i—xp [LU, part] 

25 Show that n* + 4n? + 11 is a multiple of 16 for all odd positive integers n. 

26 Obtain the first four terms in the expansion in ascending powers of x of 


zis expanded in ascending powers of x, where — 1 < x < 1, show 


the nth term is 


1/4 

u z aie [LU] 

27 When terms in x", n > 4, are omitted 

tv tax) a = —x? + bx? 

Find the values of a and b. [AEB] 
28 Express in partial fractions —— State the values of |x| for which 
this expression can be expanded as a series of ascending powers of x and 
obtain the first three terms of this expansion. [LU] 


29 Show that the first three terms in the expansion in ascending powers of 
x of (1 + 8x)'/* are the same as the first three terms in the expansion of 


1+ 5x : : F 
. Use the corresponding approximation 





1+ 3x 
1+ 5x 
1 + 8x)!/4 = ——— 
eey) 1 + 3x 
to obtain an approximation to (1:16)'/* as a rational fraction in its lowest 
terms. [JMB] 
30 If x is so small that terms in x", n > 3, can be neglected and 
3+ ax 
=(1—x)/3 
3 + bx aon 


find the values of a and b. Hence, without the use of tables, find an 


approximation in the form p/q, where p and q are integers, for ¥/0-96. 
[AEB] 


4 
Complex numbers 


4.1 Introduction 


In Section 1.1, we discussed the necessity for the introduction of other types 
of real number apart from the natural integers which are used for counting. 
The solution of an equation such as 5x = 4 requires the introduction of 
rational numbers; the solution of an equation such as 3x + 4 = 0 requires 
the introduction of negative numbers. Then we can say that without exception 
every linear equation has one and only one solution. 

Some quadratic equations, such as x? = 2, require the introduction of the 
irrational numbers into our number system before we can give a meaning 
to their solution. There are other equations, such as x? + 16 = 0, which do 
not have a solution within the system of real numbers. To solve the last 
equation, we require a number whose square is — 16 and such a number does 
not exist within the system of real numbers. Thus, we have a breakdown of 
the general rule that quadratic equations have two solutions. (If the two 
solutions are equal, we say that the equation has a repeated root, i.e. two 
equal roots.) 

This situation is not peculiar to the last-mentioned equation. Indeed, the 
equations x? + 1 = 0, x? +2x +5 =0, whose solutions we might formally 
write as 


_=2+ y4— 4651) 


x=+/-1 x 5 


by (1.2) 


that is 


st 16 
7 2 
have no solutions within the realm of real numbers. In each case, we require 
the existence of a number whose square is negative before we can give a 
meaning to the solutions. 

This situation calls for yet another extension of our number system. We 


can achieve this extension by the introduction of a new number, generally 
denoted by i, whose square is — 1. The number i has the property 


i7=—-1 (4.1) 
This new number i having the property (4.1) need give no cause for concern. 
60 


x=+/-1 x 
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It is new in the sense that up to now it has been outside our experience, 
but so at one stage were fractions, and negative numbers. 
The solution of the equation x? + 1 = 0 is then 


x=+/-1 ie. x= ti 
The solution of the equation x? + 16 = 0 is then 
x= +,/-16 = +,/16(-1) = +,/16/—-1 = +43 
The solution of the equation x? + 2x + 5 = 0 is then 
ve rttv=!6 =2i41 
2 2 


A number of the form a+ ib, where a and b are real numbers, is called 
a complex number. Our real numbers can be regarded as complex numbers 
for which b is zero. Thus, we need only consider complex numbers since our 
real numbers will be contained within the system of complex numbers. This 
will require us to consider carefully the rules for the addition and multiplica- 
tion of complex numbers, so that these rules, when applied to real numbers 
of the form (a + iO), give us the correct results within the real number system. 
This we shall do in the next section. For the present, we observe that higher 
powers of i can be reduced to +1 or +i. 


= —1+2i 








Thus, since i? = —1 
P=i?2.i= ~i i*=~Pi= -ii= —-(-1=1 
Pp S=iaSt 
and so on. 
Exercises 4a 
1 Express the solution of the following equations in the form a + bi: 
(i) 3x -7 =0 (ii) x? -9 =0 
(iii) x? + 30 =0 (iv) x7 +3x+10=0 
(v) x7+49=0 (vi) x7 +2x+8=0 
(vii) x7+4x+40=0 (viii) x? -x +1=0 


2 Show that (i) i? = —i, (ii) i}? = i, (iii) 1 + i— 31? +17 = 4. 
3 Show that i? + 2i11+i!° =0. 
4 Show that the cubic equation x? — 1 = 0 has three solutions: 


1 tg tb sags 
399 


x= 1 x= 
(Hint: x? — 1 = (x — 1)(x?+x+ 1).J 
5 Show that the quartic equation x* — 1 = 0 has four solutions: 
x=1 x=-l x=i x=-i 
(Hint: x* — 1 = (x? — 1)(x? + 1).J 
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4.2 The rules for the manipulation of complex numbers 


In this section, we shall consider the rules governing the addition, subtraction, 
multiplication and division of complex numbers. These rules are defined so 
that they become the rules of algebra for real numbers when applied to 
complex numbers of the form a+ iO. First, we define what is meant by the 
equality of two complex numbers a + ib and c + id, where a, b, c, d are real 
numbers. 

We say 


a+ib=c+id ifandonlyif a=c and b=d (4.2) 


This definition is very reasonable and is consistent with treating i as an 
ordinary algebraic quantity. For if a+ ib = c + id, we would expect a—c = 
i(d — b) which yields, on squaring both sides, 


(a —c)? = i?(d— by? 
(a—c)? = —(d—b) © 


Now a —c and d — bare both real numbers and so their squares are positive 
or zero. If both squares are positive, the above states that a positive number 
is equal to a negative number, which can be rejected as absurd. If one is 
positive and the other zero, then either a positive number is equal to zero 
or zero is equal to a negative number. Both these situations are absurd and 
can be rejected. Indeed, the only possible and sensible situation is that both 
the squares are zero, i.e. (a — c)* = 0 and (d— b)* = 0, which results in a =c 
and b = d. Thus we see that the equality of two complex numbers implies 
two relations of equality among real numbers. 

Most of the mathematical literature speaks of a as being the real part and 
b as being the imaginary part of the complex number a + ib. We write this 
as 


a = Re(a + ib) b = Im(a + ib) (4.3) 


The terminology, which perhaps indicates the hesitation with which com- 
plex numbers were first used, can be quite convenient provided we do not 
interpret it too literally. There is nothing imaginary about i, although it is 
perhaps a little unfamiliar to most readers at this stage. Put into words, (4.2) 
states that two complex numbers are equal if their real parts and their 
imaginary parts are equal. 

The addition of two complex numbers is defined by 


at+ib+c+id=a+c+i(b+d) (4.4) 


This rule, if applied to the numbers a + i0 and c + i0 (i.e. to the real numbers 
a and c), yields a+c + i0 (i.e. the real number a +c) and so is a natural 
extension of the rule for adding real numbers. Similarly for subtraction: 


a+ib—(c+id)=a—c+i(b— 4d) (4.5) 


These two rules may be stated thus: to add (or subtract) two complex 
numbers add (or subtract) their real and their imaginary parts, respectively. 


Example 1 Express in the form a + ib (i) 6 + 3i + 7 —i, (ii) 7+ 21+ 3 — 4i— 
(5 + i). 
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(i) 64+ 31+ 7-i=13+4+2i 
(ii) 7+ 2i+ 3-—4i-(5 + i) = 10—2i-(5+4+ i) = 5 —3i 


The multiplication of two complex numbers is defined by the rule 
(a + ib)(c + id) = ac — bd + i(bc + ad) (4.6) 


This rule, if applied to the numbers a + i0 and c + i0 (ie. the real numbers 
a and c), yields ac —0 + i0 = ac + iO (ie. the real number ac) and so is a 
natural extension of the rule for multiplying real numbers. The rule is con- 
sistent with treating i like any other algebraic quantity and this in practice is 
how we normally multiply complex numbers. On this basis 


(a + ib)(c + id) = ac + ibd + ibc + iad 
= ac — bd + i(bc + ad) (since i? = —1) 


which is the result (4.6). 


Example 2 Express in the form a + ib (i) (2+ 3i)?, (i) (2+ i(2-—) + 
(3 + 2i)(3 — 2i). 
(i) (2 + 3i)? = (2 + 3i)(2 + 3i) = 2.2 —3.34 i(2.3 4+ 2.3) = —5 4 12i 
(ii) (2 + i)(2 — i) + (3 + 2i)(3 — 2i) 
= 4-—1(-1) + i[(2.1 + 2(—1)] + 9 — 2(—2) + i[3.2 + 3(—2)] 
=4414+i104+94+4+i0 
= 18+i0 


Before defining division for complex numbers, it is useful to introduce the 
notion of a complex conjugate. Two complex numbers which differ only in 
the sign of their imaginary part are called complex conjugates. The complex 
conjugate of a+ ib is thus a— ib; a — ib is the complex conjugate of a + ib. 
Two numbers which are complex conjugates have the property that their 
sum and product are both real numbers. For 


a+ib+a—ib=2a+i0 (4.7) 
(a + ib)(a — ib) = a® — b(—b) + i[ab + a(—b)] 
=a’+b?+i0 (4.8) 


The iO may, of course, be omitted from (4.7) and (4.8). It has been written 
in to emphasise that the real numbers are just a subset (with imaginary part 
zero) of the complex numbers. 

The division of two complex numbers is defined by 


a+ib _act+bd bc — ad 
ctid c?+d?  (c? +d? 





(4.9) 


This rule, if applied to the numbers a + i0 and c + i0, gives 


ac+O .0+0 a 


ees S450 
40 1 e240 a 





so that (4.9), complicated as it may appear, is just a natural extension of the 
tule for division for real numbers. 
As with (4.6), the rule is consistent with treating i as an ordinary algebraic 
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quantity. The following working, which in practice is the way in which we 
normally carry out division, illustrates this. 


a+ib (a+ ib\c — id) 
c+id (c+ id\(c — id) 


on multiplying top and bottom by the conjugate of the denominator. There- 
fore, using (4.8), 











a+ib_(a+ib)(c — id) 

ctid c?+d?2 _ 
ac + bd + i(bc — ad) 
a c? +d? 
ac+bd_ (bc—ad) 
Pagegart tated 











which is the result (4.9). 


; Hotel Ey Sa 
Example 3 Evaluate in the form a + ib: (i) 7? (ii) ory 
~1ti (1+i(24+i) 2-14+i24+1) 1. 3 
5 Sa en 
2-i (2-i)(2+) 4+1 5 
Gyre = OI AA) ee PS 8) Ae 
5+2i (5+2i)(5—2i) 25 +4 ~ 29° "39 


Example 4 Evaluate X and Yif X¥+iY= —. 


We could find X and Y by (4.9). However, by way of illustration, we proceed 
as follows: 


g2.5 
yo 
1+i 


3-i=(1+i)(X +iY) =X-—Y+i(x+ Y) 
Therefore, by (4.2) 


3=X-—Y 
-1=X+Y 
We solve these two equations for X and Y. On addition, we obtain 2 = 2X, 
i.e. X = 1, and on subtraction Y = —2. Therefore 
3- 
Same wa Garey 
1+i 


It is readily verified that (4.9) gives the same result. Rules (4.2), (4.4), (4.5), 
(4.6) and (4.9) define the algebraic operations for complex numbers. Readers 
should verify that under these rules complex numbers obey the rules I to V 
described in Section 1.1. 
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Exercises 4b 


1 Express in the form a + ib: (i) i3(1 + i) + i°(3 — i) + i? (2 + i), (ii) 2i(1 — 3i) 
+ 3(4 — i). 

2 Evaluate in the form a + ib: (i) (3 + i)(4 — 2i), (ii) (6 + 2i) (1 — 3i). 

3 Find the solutions of the equation x* + 6x + 18 = 0 in the form a + ib. 
Verify their correctness by substitution into the equation. 

4 Evaluate (i) (1 + i)”, (ii) (1 + i), (iii) (1 + i)*. 

5 Use (3.1) and (3.2) with x = i to calculate (1 + i)’, (1 + i), (1 + i)*. Verify 
that the results are in agreement with your answers to question 4. (This 
suggests that the binomial theorem remains valid when complex numbers 
are involved.) 

— Si 

3+2i° 

7 Show that (i) (cos 6 + isin 0)? = cos - + isin 20 
(ii) (cos 6 + isin 6)" 1 = cos 6 — isin 8. 

8 Find real numbers x and y such that (x + iy)? = 40 + 42i. Hence evaluate 
(40 + 42i). Calculate also \/(35 — 12i). 

9 Evaluate in the form a + ib: 


6 Express in the form a + ib: () = Gye 


1-i\? 
; AS wo (Lt 
(i) (x — i) (ii) at a (iii) (; =) 
. 142i (2 +i)° . 1-2i 
W) Bq 3p ) Gy (i) Ga3p 
at ib . ; 
10 If = X + iY show, following the method of Example 4, that X 





ct+id 
and YF satisfy the equations cX —dY =a, dX +cY =b. Solve these 
equations and show that the results are consistent with (4.9). 


4.3 The geometrical representation of complex numbers 


It was shown in Section 1.1 that the real numbers could be represented by 
the points of a line. For convenience, we recall this representation. Figure 
4.1 shows a line, on which we choose a point 0 as origin. Positive numbers 
are represented by points to the right of 0, or displacements to the right of 
0, and negative numbers by points or displacements to the left of 0. 


0 
x!’ ——+—__+—_+—__+—__+—_+——_——_ x 
-3 -2 -1 1 2 3 
Figure 4.1 


The real numbers, integers, rationals, irrationals and transcendental 
numbers completely fill the line, from which it is clear that we shall not be 
able to represent the complex numbers by further points of the line. A complex 
number of the form x + iy is specified by the two real numbers x and y. The 
natural way in which to represent a complex number is thus by a point in 
the plane whose cartesian co-ordinates are the numbers x and y. The complex 
number x + iy is thus represented by the point P (x, y) or by the vector or 
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displacement OP (Figure 4.2). Our real numbers which are, of course, just 
particular complex numbers (with imaginary part zero) are confined to the 
line x'Ox, but complex numbers can be anywhere in the complex plane. This 
representation, which is not necessarily the only possible representation of 
complex numbers, was originally due to J. R. Argand and for this reason 
the complex plane of Figure 4.2 is often called the Argand diagram. 





Figure 4.2 


The length of OP, where OP is the vector representing the complex number 
x + iy, is known as the modulus of the complex number. By Pythagoras’ 
theorem, we see that OP = V(x? + y?). The modulus of a complex number 
is represented by the symbol |x + iy|. Thus 


Ix + iy| = (x? + y?) (4.10) 


It is conventional to represent a complex number by the single bold letter 
z, ie. z = x + iy and so also |z| = |x + iy| = /(x? + y’). 


Example 1 Represent the complex numbers (i) 2 + i, (ii)i, (iii) —i,(iv) —3 — 2i 
by points in the complex plane (Argand diagram). 

In Figure 4.3, the numbers (i), (ii), (iii) and (iv) are represented by the points 
A, B, C, D respectively or by the vectors OA, OB, OC, OD. 





Jy 
B(O,1) A(2,1) 
9 —»xk 
C(0,-1) 
b DC3,-2) 
Figure 4.3 
1 
Example 2. If z = 1 +i, mark the points (i) 1 + z, (ii) fos in the complex 
plane. 
(i) l+z=14+1+i=2+i 


1 1 2-i 2 
l+2 24+) 2 +1 5 


(ii) 





fe 
5 
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— =x 





Figure 4.4 


Thus the numbers (i) and (ii) are represented by the points Q and R in Figure 
4.4 or by the vectors OQ, OR. 


Exercises 4c 


1 Mark the points in the complex plane corresponding to the complex 
numbers (i) 2 + 3i, (ii) 4 — i, (iii) —3 — 63, (iv) —1 +i. 

2 Find the modulus of each of the complex numbers in question 1. 

3 z= 2-—3i. Mark the points (i) z, (ii) iz, (iii) i2z in the complex plane. 

4 Show that |z| =|iz|, where z is any complex number. 

§ zis the complex number x + 7i. If |z| = 25, find x. 


4.4 The geometry of complex numbers 


The representation of complex numbers described in Section 4.3 enables us 
to give a geometrical interpretation of the rules for the addition and multi- 
plication of complex numbers. 

Consider the two complex numbers 2 + 3i and 3 + i. These may be repre- 
sented by the vectors OP and OQ (Figure 4.5). 


R(5,4) 





Figure 4.5 


Their sum is the complex number 5 + 4i, which may be represented by 
the vector OR, and we see from Figure 4.6 that OR is the vector sum of 
and O@. (That is, starting from O draw OP, from P draw a line parallel to 
OQ and of magnitude OQ. We then arrive at the point R; OR is the diagonal 
of the parallelogram with adjacent sides OP, OQ.) 

If we consider the complex number 4 + 6i, multiplication by 2, 5, —1 and 
i produces the complex numbers 8 + 12i, 2 + 3i, —4 — 6iand —6 + 4i, respec- 
tively. These numbers and the original number are represented by the vectors 
OA, OB, OC, OD and OP, respectively (Figure 4.7). 
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Figure 4.6 


Thus we see that multiplication by a positive number (2 or 5 in our case) 
dilates or shrinks a vector: OA = 20P; OB = 4OP. This is in agreement 
with our results for real numbers, which were all represented along the one 
direction x’Ox. Multiplication merely increases or decreases a number. Multi- 
plication by — 1 rotates a vector through 180° but does not change its length: 
OC = —OP. This again corresponds with results for real numbers. Multi- 
plication of 4 by —1 produces the number —4, which lies to the left of O 
and is obtained by rotating the vector of length 4 units drawn in the direction 
of the positive x-axis through 180°. Multiplication by (—1)?, ie. by 1, will 
rotate a vector through 180° + 180° = 360° and so will leave it unchanged. 

Of particular interest is the interpretation of multiplication by i. From 
Figure 4.7, we see that the vector OD is perpendicular to the vector OP but 
has the same length as this vector. Thus multiplication by i rotates a vector 
through 90° in an anticlockwise direction. Of course, multiplication by i? 
will rotate a vector through 90° + 90° = 180°. But this is equivalent to multi- 
plication by —1. This is consistent with (4.1), namely, i? = —1. 


Yi 
A(8,12) 


D(-6,4) P(4,6) 


x) B(2,3) 
x! > x 


ce) 





Cc ¢4 6 ) 
Figure 4.7 


The results of this section have been obtained by reference to particular 
examples. However, the results are perfectly general. The addition of complex 
numbers is equivalent to vector addition. Multiplication by a positive number 
merely increases (or decreases) the length of a vector representing a number; 
multiplication by —1 and i rotate the vector representing a number through 
180° and 90° respectively. 


Example i Ifz =x + iy, the conjugate complex number x —iy is convention- 
ally represented by z. What is the geometrical representation of Z? 
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Px, y) 






P(x,-y) 
Figure 4.8 


With reference to Figure 4.8 we see that z is represented by the reflection 
of the point representing z in the real axis. 


Example 2 Where must the complex number represented by z lie if |z| = 1? 
Find the cartesian equation of all points satisfying this condition. 

If |z| = 1, the length of the vector representing z is unity. Thus, the point 
lies on a circle whose centre is the origin and radius is 1 (see Figure 4.9). 


y 
(Yr 
7 - 


Figure 4.9 
If z =x + iy, |z|? = x? + y? = 1 and this is the equation required. 


Example 3 What is the geometrical significance of | z— (2 + 3i)|? 
If z is the complex number x + iy, then 
z—(2+ 3i) =(x — 2) + i(y — 3) 
Therefore 
Iz— (2 + 3i)| = [E(x — 2? + (y— 37] 


and so represents the distance between the points in the complex plane repre- 
senting z and 2 + 3i (see Figure 4.10; cf. Section 17.5). 


WY 
z=x+ly 
, 
2+31 } 
Jy 
3 
O| 2 ¥ 
~«<—— x ——-»| 


Figure 4.10 


70 Complex numbers 


Example 4 Find the cartesian equation of the locus of the points in the 
complex plane such that |z— i] = |z + i]. What is the geometrical interpre- 
tation of this locus? 

Ifz=x+iy, 


z—-i=x+i(y—1) z+ti=x+i(yt+ 1) 
Therefore, if |z — il? = |z + i’, 
x? +(y —1)? =x? 4+(y +1)? 
x+y —2yt+1l=x?+y?+2y41 
4y =0 
which is the x-axis. The locus is the locus of points equidistant from the 


points i(0, 1) and —i(0, — 1), .e. the perpendicular bisector of the line joining 
these points, which is the x-axis (see Figure 4.11). 





Figure 4.11 


It is important to realise that, as far as complex numbers are concerned, 
the notion that ‘one complex number is greater than a second complex 
number’ is meaningless. This applies to the notion that a complex number 
may be greater than or less than zero. There is no classification of complex 
numbers into positive and negative, this latter notion applying only to the 
real numbers which either lie to the right or left of O. However, the complex 
number i, for example, is neither to the right nor to the left of O, indeed it 
is directly above O. This perhaps serves to remove some of the mystery that 
surrounds complex numbers. The idea that the square of a number is always 
positive is derived from the usual rule of signs as they apply to the real 
numbers. But the notion of sign has no place as far as complex numbers are 
concerned, so it is not surprising that the squares of such numbers should 
be negative. 

In Example 1 of this section, we introduced the notion of the complex 
conjugate of a complex number, z = x + iy. Its conjugate is = x — iy, so that 


Re(z) = Re(Z) 
and 
Im(z) = —Im(z) 
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We say that zand Z area conjugate pair. Such pairs are of common occurrence. 
They will arise as the solutions of a quadratic equation which has real 
coefficients but not real roots. For example, as we have seen in Section 4.1, 


the equation x? + 16 = 0 has two roots, z, = 4i and z, = —4i, from which 
we see that z,; = Z, and z, = Z;. The equation x? + 2x + 5 = 0 has also two 
roots, z; = —1+2i and z, = —1-—2i, and again we see that z, = Z, and 
<= 21: 


This result can be taken a stage further and applied to the roots of cubic, 
quartic or higher-degree equations. Thus, we have the important result that 
if z= a+ ib is a root of the equation 


P(x) = Ce Ree a ae + CX +Co =0 
where the c’s are real, then z = a — ib is also a root, i.e. complex roots occur 


in conjugate pairs. 

We first note that 

(x — z)(x — 2) = (x — a — ib)(x — a + ib) 
= x?—2ax + a? + b? 

is wholly real. 

Thus, in line with (1.12), if we divide P(x) by the quadratic (x — Z)(x — 2), 
we shall obtain a quotient Q(x) and a remainder of first degree, Ix +m. We 
shall show that this remainder is zero. 


P(x) = (x — z)(x — Z)Q(x) + x +m 
therefore 
P(z) = P(a + ib) =0 
so that 
Ka +ib)+m=0 
la+m + ibl=0 


On equating the real parts and the imaginary parts of this expression to zero, 
we obtain 
la+m=0 and bl=0 


Now, since b £0 (we are dealing with a genuine complex root) | = 0 and 
so m = 0. Therefore 
P(x) = (x — a — ib)(x — a + ib) Q(x) 
Thus, P(a — ib) = 0, which proves the result. 
Example 5 Solve the equation x* + 2x3 + 7x? + 8x + 12 = 0 given that 2i 


is one root. 
The equation has real coefficients. Thus, if 2i is a root so is — 2i. Therefore, 


(x — 2i)(x —(—2i)), ie. x? +4, is a factor of x4 + 2x? + 7x? +8x+ 12. By 
division we obtain 


x* 4 2x3 + 7x? + 8x + 12 = (x? + 4)(x? + 2x 4+ 3) 
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Thus, the other roots are the roots of x? + 2x + 3 =0. These are 
ag) os J-8 

- 2 

Therefore, the solutions are 2i, —2i, —1 + R/2, -—1l- in/2. 


In this case, the other two roots are also complex and form a pair of complex 
conjugates. 


x 


Exercises 4d 

1 If z= 3 —4i, evaluate (i) z, (ii) z +3, (iii) z— 3i. Interpret the results 
geometrically in the complex plane. 

2 If z=2-—i, evaluate (i) 2z, (ii) —3z, (iii) 4iz. Interpret the results 
geometrically in the complex plane. 

3 Evaluate (i) 3(4 + Si), (ii) 2i(4 + 5i). Interpret the results on the Argand 
diagram. 

4 Evaluate (3 + 2i)(4 + 5i) and interpret the result on the Argand diagram. 
(Connect this with the results of question 3.) 

5 If z=x + iy, show that |z|? = zz. 


6 If z = 3 — 2i, evaluate — and interpret the result geometrically. 


7 Show that ! = ‘ 
z} [| 








8 If z =z, find the locus of the point represented by z. 
9 If |z —2| = |z + 2|, find the locus of the point represented by z. 
10 If |z — 3i| = 2|z — 3), find the locus of the point represented by z. 
11 If z= x-+iy, show that (i) Re(z + Z) = 2Re(z), (ii) Im(z — Z) = 2Im(z). 
12 If z =u + iv, show that 2z = [z|? = u? + v. 
13 If z = —Z, find the locus of the point represented by z. 
14 If zz = 16, find the locus of the point represented by z. 
15 Given that one root of the equation x* + x? + 3x?+x+2=0 is i, find 
the other roots. 


4.5 The cube roots of unity 


We have already seen (question 4 of Exercises 4a) that the cubic equation 
x? = 1, ie. x? — 1 =O, has three roots: 


x3—1=(x—1)(x?+x4 1) 
Therefore, if x? —1 =0, 


x—-1=0 or x?+x+1=0 


_ —-14tJ0-9 1, 3 
x=1 or x= oS atts 
3 1 3 
The three roots of the equation are thus 1, -5+ we and -+- 0 
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By direct multiplication, we see that the square of the second (third) root 
equals the third (second) root. 


(Sort) =(heade 
PEGE e) 


and 


1/3 
Se or 
Thus we may denote the three cube roots of unity by 1, w, w*, where 
1 3 1 3 
w= 1400 or tow 


we fQTF 


and if we represent the three roots by points in the complex plane, we see 
that they are equally spaced round a circle whose centre is the origin and 
whose radius is unity (Figure 4.12). We also observe that the sum of the three 
cube roots 





we 


Figure 4.12 
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1 3 
Lewewtat4(—34+02)+(—3-A2)=0 


(4.11) 


2 2 2 
Therefore 
l+w+w?=0 
Example 1 If w is one of the complex cube roots of unity, show that 
(1 + w?)* = w. 
By (4.11) 
l+w? =—w 
therefore 


(1 + w?)* = (—w)* = wt = ww 
(1+w’)*=w since w= 1 


Example 2 If w is one of the complex cube roots of unity, show that 


(a + wh + w2c)(a + w2b + we) = a? + b? +c? — ab — be — ca. 


(a + wb + w2c)(a + wb + we) = a? + w°b? + wc? + ab(w + w?) 
+ be(w? + w*) + ca(w? + w) 


=a? +b? +c? + ab(—1) 
+be(w? + w) + ca(—1) 


=a?+b? +c? —ab—bc—ca 


Exercises 4e 

If w is one of the complex cube roots of unity show that: 
1 (1+ w—w’)? —-(1—w4 ww’)? =0 

2 (1—w+w\(1 + w— w?) =4 

3(1+w)®=1 

4 a? +b? = (a+ b)(a + wh\a + wb) 

5 6xy =(x + y)? + (wx + wy)? + (wy + w?x)? 


Exercises 4 
1 Express in the form a + ib: 


,sri pn 4th ng fil 
oF OTF «() 


2 If (x +iy)? =a+ib show that x?— y? =a, 2xy=b. Hence evaluate 


J(8 + 61). 


3 Find the solutions of the equation x? + 7x + 20 = 0 in the form a + ib. 


Find the sum and product of the roots. 
4 If z> = 1, find the possible values for 1 + z+ 2”. 


Et) pepe a2 


§ If z=cos@+isin9, find the modulus of Pa 





1 
6 If z= x + iy, find the real and imaginary parts of (i) z° and (ii) 7 
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7 Show how to represent geometrically the sum of two complex numbers 
z, and z,. What is the meaning of |z, + z,I? 


Use the result of question 7 to show that |z, + z2| <|z,| + |z,I. 

z+1 

z— ; oe 

10 If w is one of the complex cube roots of unity evaluate 

(i) (1 — w)(1 — w’) 

(ii) (a + b)(wa + w?b)(w2a + bw). 

Solve the equation x? + 4x + 20 = 0 giving the roots in the form p + ig, 

where p and q are real. [JMB, part] 

12 If «+ if =./[(A +iB)(C + iD)] show that «? — B? = AC — BD, 208 = 
AD + BC and 2a? = AC — BD + ,/[(A? + B”)(C? + D?)]. 

13 Express in the form X + iY: 


Oo @ 


Find the locus of a point z which moves so that 





1 


— 





aay 2; 
()Q-i)? Gi) —— Gi) — Gy) 

14 Find two real numbers x and y so that 
x(3 + 4i) — p1+2)+5=0 


15 If (x + iy)? = a+ib show that a? + b? = (x? + y?)?. 

16 If w is one of the complex cube roots of unity show that 
(i) (1+ w?)!2 = 1 
(ii) (1 — w)(1 — w?)(1 — w*)\(1 — w5)(1 — w’)(1 — w8) = 27. 

17 Show that the square roots of unity are equally spaced round the unit 
circle. Show that this is the case for the cube and fourth roots of unity. 
Where do you suppose the fifth or the sixth roots ofunity lie in the complex 
plane? Verify by actual multiplication that the complex sixth root in the 
first quadrant is indeed a sixth root of unity. What is this complex sixth 
root? 

2+ 3i 


344i 

(ii) If the complex number 4 + 7i is represented by the point P on the 
Argand diagram, write down the complex numbers which are 
represented by (a) the reflection of P in the x-axis; (b) the reflection 
of P in the line y = x; (c) the reflection of P in the line y = —x. 

(JMB, part] 





18 (i) Find the real and imaginary parts of 


19 (a) Show that 1 +i is a fifth root of —4— 4i. 
(b) Show that if a, b, c, dand (a + ib)/(c + id) are real, then ad = bc. Hence 





2 
. 22. : 
show that if z= x+iy and 2 ~ = is real, the point represented 
z 
by z lies on the real axis or on a certain circle. [JMB] 


20 Show that 
(a+b+c)(a+ wh + wc)(a + w2b + we) = a? + b? +c? — 3abe 
where w is a complex cube root of unity. 


21 Solve the equation (344 =i, 
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22 P represents the complex number z; Q represents z + iz. Show that OPQ 
is a right-angled triangle where O is the origin. 
23 The points A, B, C, D on the Argand diagram correspond to the complex 
numbers a, b, c, d respectively. Prove that 
(i) if a—b+c—d=0, then ABCD is a parallelogram 
(ii) if also a+ ib —c —id = 0, then ABCD is a square. [JMB, part] 
24 P represents the complex number z; Q represents the complex number 


z+ e Show that if P moves on the circle |z| = 2, Q moves on the ellipse 
Zz 


x? y? 1 
mato 4 
25 ABCD is a square in the complex plane. If A represents 3+ 2i and D 
represents 4 + 3i, what complex numbers are represented by B and C? 
26 Write down, or obtain, the non-real cube roots of unity, w, and w,, in 
the form a + ib, where a and b are real. A regular hexagon is drawn in 
an Argand diagram such that two adjacent vertices represent w, and w,, 
respectively, and the centre of the circumscribing circle of the hexagon 
is the point (1, 0). Determine, in the form a+ ib, the complex numbers 
represented by the other four vertices of the hexagon and find the 
product of these four complex numbers. [JMB] 
27 In an Argand diagram, the point P represents the complex number z, 
where z = x + iy. Given that z + 2 = Ai(z + 8), where J is a real parameter, 
find the cartesian equation of the locus of P as A varies. Ifalso z = (4 + 3i), 
where ris real, prove that there is only one possible position for P. [JMB] 
28 (i) Given that z,} = 3+4i and z, = —1+ 2i, represent z,, 22, (2; + Z2), 
and (z, — z,) in the Argand diagram. Express (z; + Z2)/(z2 — Z,) in the 
form a+ ib, where a, b are real. Find the magnitude of the angle 
between the vectors representing (z, + 22) and (z2 — 2;). 
(ii) One root of the equation z? — 6z? + 13z + k = 0, where k is real, is 
2+. Find the other roots and the value of k. [LU] 
29 Find real values of a and b such that (a + ib)? = i. Hence, or otherwise, 
solve the equation z? + 2z + 1 —i = 0, giving your solutions in the form 
Z=prtig. [O] 
30 (i) Given that 3 + 4i = (x + iy), find x and y. Find also the square roots 
of iin the form a+ ib, where a and b are real. 
(ii) Show that 1 +i is a root of the equation z* — 4z? + 6z — 4 = 0, and 
find the other roots of this equation. [LU] 


5 


The quadratic function and the 
quadratic equation 


5.1 The general quadratic equation 


We have already used the formula (1.2) in order to solve a quadratic equation. 
The result (1.2) can be obtained as follows. 

For the general quadratic equation ax? + bx + c = 0, where a, b,c are any 
real numbers with a at least non-zero, we have after division by a and a slight 
rearrangement of the terms 


The addition of the quantity b?/4a? to both sides makes the left hand side 
a perfect square, namely [x + (b/2a)]?. Thus 


( =) b? c b?—4ac 
L— |, 2 <= 2 


2a 4a a 4a? 


eae b?—4ac\ _ +,/(b? — 4ac) 
2a 4a? _ 2a 


—b + J/(b? — 4ac) 


x nn, Fie (5.1) 


Therefore 


Expression (5.1) enables us not only to solve quadratic equations but also 
to investigate the dependence of the roots on the relative values of a, b and c. 
In particular, the types of root which arise depend on the quantity b? — 4ac 
whose square root occurs in (5.1). This quantity is called the discriminant 
of the equation and is often denoted by the symbol D: 


D =b? —4ac (5.2) 


If b? — 4ac > 0, its square root will be a real number and we shall obtain 
two real distinct roots of the equation. 

If b? — 4ac = 0, so is its square root, and both roots of the equation will 
be real and equal to —b/2a. 
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If b? — 4ac < 0, its square root is that of a negative number. Such a square 
root cannot be a real number. Indeed, we have seen that it is a complex 
number. In this case, we say that the equation has no real roots or the equation 
has complex roots. 


Example 1 Find the values of a for which the equation (3a + 1)x? +(a + 2)x 
+1=0 has equal roots. 
The discriminant 


D =(a+ 2)? — 4(3a + 1).1 
=a*+4a+4-12a—4 
=a’ —8a 


For equal roots, D = 0; therefore 


a* —8a=0 
ala — 8) =0 
a=0 or a=8 
Example 2 Show that the roots of the equation (x —a)(x — b) =k? are 


always real if a, b and k are real. 
We first write the equation in the form 


x? —(a + b)x +ab—k? =0 


The equation has real roots provided its discriminant is not a negative 
number. 

The discriminant D = (a + b)? — 4(ab — k?). We require to show that D > 0. 
Now 


D = (a+b)? — 4(ab — k?) 

= a? + 2ab + b? — 4ab + 4k? 
a? — 2ab + b? + 4k? 
= (a—b)? + 4k? 


We have been able to express D as the sum of the squares of two real numbers. 
This proves D 20, which is the condition for real roots. (Note: a standard 
technique for proving a number to be non-negative is to express it as the 
sum of the squares of two or more real numbers.) 


Example 3 Find the values of 4 for which the roots of the equation 
x? — (3A + 1)x + 4? —1 = 5A are real. 
The equation can be written in the form 
x? — (34 + 1)x +4? -—5A—1=0 
The discriminant 
D = (34 + 1)? — 4(1)(A? — 5A — 1) 
= 927+ 6141-417 + 2014+ 4 
= 5A? + 261 +5 
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For real roots, D > 0, that is 
54? + 261 +520 
therefore 


(5A + 1)(A +5) 20 


This inequality is satisfied if both factors have the same sign. If this sign is 
positive, 1 > —4; if this sign is negative, 4 < —5. Thus the equation has real 
roots if 4 < —5 or A> —§. (See also Section 1.4.) 


Exercises 5a 


1 Find a if the equation (5a + 1)x? — 8ax + 3a = 0 has equal roots. 

2 If the equation (7p + 1)x? + (Sp — 1)x + p = 1 has equal roots, find p. 

3 For what values of k does the equation x? —(4 + k)x + 9 = 0 have real 
roots? 

4 Find the greatest value of 4 for which the equation (A — 1)x? — 2x + 
(A — 1) = 0 has real roots. 

5 Show that the equation x? — 2px + p? — q? = 0 has real roots provided 
p and q are both real. 

6 Show that the equation x? — 2ax + 3a? + b? = 0 cannot have real roots 
if a and b are real. en 

7 Show that the roots of the equation x? + 2x = (2a + 2b + 1)(2a + 2b — 1) 
are integers if a and b are integers. 

8 The equation x? + 2px + p? + q? =r’ has real roots. Show that r? > q?. 

9 Find the values of a if the equation (a + 3)x? —(1la+ 1)x +a = 2(a-—5) 
has equal roots. 

10 Show that the roots of the equation x? — 2x = (b —c)? — 1 are rational 

if b and c are rational numbers. 


5.2 The quadratic function 


In this section, we shall examine the values of the quadratic function 
y = ax? + bx +c as x takes on different real values. 

First, we notice that for large positive or large negative values of x, the 
dominant part of the right-hand side is ax”. Since x? is always positive, we 
see that y will have the same sign as a for large positive or large negative 
values of x. 

y = ax? + bx +c may be written as 


Bal hhc? c «2b 
7 a 40a 4a 


a pea b? — 4ac 
~ 2a 4a? 
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that is 
b\? D 
= i es 5.3 
s o{ (+3,) i | via 
b\2 b? — 4ac)\? 
= 4 (. + =) cat OS m4 
2a 
Ee —— + 5, —— | 
=alx+— 
Therefore 
y =ax?+bx+c = a(x —a)(x— B) (5.4) 
where 
— 2_4 — esi is 4 
es b + /(b? — 4ac) agp V(b? — 4ac) 
2a 2a 
are the roots of the equation ax? + bx +c =0. 
Jy 
a<O 
b’-4ac>0 
x 
B o 
(a) Two real roots (b) Two real roots 
Jy My 
a>0O a<O 
2 2 
6b -4ac=0 6b -4ac=0 
2) x oO x 
(c) Real equal roots i 
y (d) Real equal roots 
Jy 
a>0O a<O 
b*-4ac<0 O ‘ b -4ac<O 0 : 
(e) No real roots (f) No real roots 


Figure 5.1 


The quadratic function 81 


Thus we see that y = a(x — «)(x — B) is zero for the two values x = a and 
x = B, as we would expect. 

We may suppose without any loss of generality that one root, say a, is 
not less than 8, i.e. « > B, and we also note that for any value of x the sign 
of y is the same as the sign of a(x — a)(x — B). 

Then (x — a)(x — B) is positive when x >a since both factors are then 
positive, and (x — a)(x — B) is also positive for x < B since both factors are 
then negative. For B < x <a, however, (x — «)(x — B) is negative since one 
factor is then negative and the other positive. To sum up, we have the 
important result: 

THEOREM The sign of y = ax? + bx +c is the same as the sign of a except for 
those values of x which lie between the roots of the equation ax? + bx +c = 0. 

This result combined with the procedure for determining the nature of 
the roots enables us to make a sketch of the graph of the function 
y = ax? + bx +c. There are six cases to consider (see Figure 5.1). 


Example 1 Show that 3x? + 6x + 20 is always positive. 


3x? + 6x + 20 = 3(x? + 2x + 28) 
= 3(x?+2x4+14+4¢ 
= 3[(x + 1)? +44] 


which, being three times the sum of two positive quantities, is always positive. 


Example 2 Show that if a> 0, y = ax? + bx +c has a minimum value when 
x = —b/2a, and determine that minimum value. 


We have seen that 
7 ” b \? Pe 4ac — b? 
aga aay 4a 


b\?. ices Re, ae me ae 
Now a(x + —] is never negative if a is positive, and has a minimum value 


2a 
of zero when x = —b/2a. Thus y has a minimum value of 
{2c 4ac — b? gece pa ee 
4a? 4a ~ 2a 
‘ x?+x41. 
Example 3 If x is real, show that y = sare te is either >1 or < —3. 
We have 
eee 
~  x+] 


This we rewrite as a quadratic in x so that 
x?4+x+1l=xyt+y 
x7 +x(1-y)+1—y=0 
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Since x is always real, the discriminant (see (5.2)) of this equation is greater 
than or equal to zero: 


(1 — y)? -4(1 — y) 20 
(1 —y(-—3—y)20 
(y — I)(y + 3) 20 


Now, the roots of the equation (y — 1)(y + 3) = Oare y = 1 and y = —3, and 
the coefficient of y? for the function (y — 1)(y + 3) is 1. Therefore (see theorem 
page 81), 


(y— I)(y + 3) 20 (the same sign as 1) 


for y>1 or y < —3. Therefore, y >1 or < —3 whatever the value of x. 


Exercises 5b 
1 Show that x? + 4x + 13 >0 for all values of x. 
2 Show that 16x? — 24x + 10> 0 for all values of x. 
3 Prove that 6x — 4 — 9x? can never be greater than — 3. 
4 Show that if a<0, y=ax?+bx+c has a maximum value when 
x = —b/2a. What is this maximum value of y? 
5 Find the maximum value of 5 + 6x — x?. 
6 Find the minimum value of 12x? + 24x + 13. 
2s 
7 Show that if x is real, x = can have no real values between 3 and 4. 
(x — 2)? + 16 
2(x + 2) 
does not lie between —4(,/2 + 1) and 4(,/2 — 1). 





8 If x is real show that can take on any real value which 


x? + px +p 


3 cannot be 
x*° +qx+q 


9 If p and q are both real and q >4, show that 


—4 
between p/q and =a when x is real. 


2 — 
10 Find the possible values of k if tee may be capable of taking 
xX _— 


on all values when x is real. 


5.3 The relation between the roots of a quadratic equation 
and the coefficients 


We have seen that the roots of the quadratic equation ax? + bx +c = 0 are 
the two numbers 


=b + V(b? = 4ac) 


—b —,/(b? — 4ac) 
mi and ——— oy. 
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If we denote these roots by a and f in some order, we see that 


_ bb? =4ac) bb? -4ac)_ ib 
eBags ogee oa = = dae 


=|-2 a - tse 2 — - — fas} | 
= (- z) (= —4ac\  4ac 
~\ 2a) \ 4a? ee} 4a? =; 


Thus we have the following important results. 
If « and f are the roots of the quadratic equation ax” + bx +c = 0, the 
sum of the roots equals —b/a: 


and 


b: 
=—- 5.5 
a+fB : (5.5) 
and the product of the roots equals c/a: 
c 
ap = 7 (5.6) 


This same result would have been obtained by using (5.4). For then we 
have 
ax? + bx +c = a(x — a)(x — B) 
ax? + bx +c = ax? — a(a + B)x + aa. 


These two expressions are identical and, on equating the coefficient of x and 
the term independent of x, we obtain 


b= —a(a+f) and aaa 
a+p=— aB =— as before 


(We notice that in the identity the coefficients of x? are both equal to a.) 
Example 1 If «and f are the roots of the equation ax? + bx +c = 0, obtain 
in terms of a, b and c the values of (i) a? + f?, (ii) ar f (iii) «? + B?. 


We express (i), (ii) and (iii) in terms of a+ B and af. 


For (i) 
a2 + Bp? =a? + 2af + B? — 2a8 
= («+ B)? — 2ap 
b\? 2c 
(2 
Therefore 
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For (ii) 
2 2 2_ 
ate ee = = — | - by the previous result 
2 _— 
a De a 
B a ac 
For (iii) 


a a a 
b(b? —3ac) 3abe — b? 
BR gage nk gi 


Example 2 If one root of the equation px? + qx + r = 0 is three times the 
other root, show that 3q? = 16pr. 
Suppose the roots are « and 3a. Then from (5.5) and (5.6) 


a+3a=40= —~! and a30=3027=2 
p 


We eliminate « from these two equations. From the first equation, 
a = —(q/4p). Therefore 


3q _r 
16p? p 
3q? = 16pr 


Example 3 The roots of the equation x? + px + q = 0 are y and 6. Form 
the quadratic equation whose roots are y + 6 and 1/y + 1/6. 
Let the required equation be x? + Px + Q = 0. By (5.5) 


By (5.6) 








Therefore, the required equation is 
x? + (p/q)(1 + 4)x + p?/q =0 
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that is 
qx? + p(1+q)x + p? =0 


Exercises 5c 


1 If « and f are the roots of the equation 3x” — 7x — 1 = 0 find the values 
of (i) (« — B)?, (ii) «? + B, (iii) «* + Bt. 

2 If « and £ are the roots of the equation 5x? — 3x —1 =0, form the 
equations with integral coefficients which have the roots (i) 1/a? and 1/B?, 
(ii) «?/B and B?/a. 

3 Find the condition that the roots of the equation px? + qx +r = 0 should 
be (i) equal in magnitude and opposite in sign, (ii) reciprocals. 

4 One root of the equation px? + qx + r = 0 is twice the other root. Show 
that 2q? — 9rp = 0. 

5 y and 6 are the roots of the equation px? + qx +r =0. Find in terms 
of p, q and r (i) y — 4, (ii) y? — 6?, (iii) y? — 6° [= (y — 4)(y? + yd + 67)), 
(iv) y* — 54. 

6 One root of the equation x? — px + q =0 is the square of the other. 
Show that p? — q(3p + 1) — q? = 0 provided q # 1. 

7 If w and B are the roots of the equation ax? + bx +c = 0, form the 
equation whose roots are a/B? and B/a?. 

8 If one root of the equation px? + gx + r = 0 is four times the other show 
that 4g? — 25pr = 0. 

9 Find the relationship which must exist between a, b and c if the roots 
of equation ax? + bx +c = 0 are in the ratio p/q. 

10 Form the quadratic equation for which the sum of the roots is 5 and 
the sum of the squares of the roots is 53. 


Exercises 5 


— 


Find in their simplest rational forms the quadratic equations whose roots 

are (i) 3+ ,/S, (ii) —2 + 3,/2, (iii) a + 2b. 

Prove that if a, b and c are real the roots of the equation (a? + b?)x? + 

2(a? + b? + c”)x + (b? +c?) = 0 are also real. 

(x — 1)(x — 5) 

(x — 2)(x — 4) 

attain these two values and if so for what values of x? 

4 If the roots of the equation px? — 6qx — (9p — 10q) = 0 are 2a — 3 and 
2B — 3, find the equation whose roots are « and f. [LU, part] 

§ For what values of k has the equation (x + 1)(x + 2) = k(3x + 7) equal 

6 


N 


3 Show that if x is real, cannot lie between 1 and 4. Can it 


roots? 
Show that the roots of the equation (a — b + 1)x? + 2x +(b—a+1)=0 
are both real if a and b are real. 

7 If w and B are the roots of the equation 2p?x? + 2pqx + q? — 3p* = 0, 
show that a? + B? is independent of p and gq. 


8 Ifthe roots of the quadratic equation x? — 3px + p? = Oareaand , where 
a > B, find the values of «? + B? and « — B when p is positive. Find, in 
terms of p, a quadratic equation whose roots are «3/8 and — B?/a. 


[AEB] 
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: x+2 
9 Prove that, for real values of x, the function —— cannot 
eae ace be greater 


than 4, nor less than —4. Find for what values of x, if any, it attains 

these values. [SUJB] 
10 Show that the roots of the equation 2bx? + 2(a + b)x + 3a = 2b are real 
when a and b are real. If one root is double the other show that 
a= 2b or 4a = 116. 
For what values of k does the equation 10x? + 4x + 1 = 2kx(2 — x) have 
real roots? 

+ 2)? 
1 


1 


—_ 


cannot lie between 





12 Show that the value of the expression 


0 and 4 if x is real. 
13 Find the ranges of values of k for which the equation x? + (k — 3)x + 
k = 0 has (i) real distinct roots, (ii) roots of the same sign. [JMB, part] 


+ — = S shall have roots 

x-a x-—b 
equal in magnitude but opposite in sign. 

15 If a and b are real, prove that the roots of the equation (3a — b)x? + 
(b — a)x — 2a = 0 are real. 

16 « and f are the roots of the equation x? + px + q = 0. Form the equation 
whose roots are « + B and « — B. 

17 Show that for all real values of « and B the value of the function 





14 Find the condition that the equation 


x? — ap : 
—————— cannot lie between « and f. [JMB, part] 
2x—a—B 
x? 42x44 ; : 
18 If y= sae and x is real, find the greatest value of A for which y 
can take all real values. [AEB] 


19 Show that if the roots of the equation 3x? + 6x — 1 + m(x — 1)? = 0 are 
real, then m is not greater than 3. Find m if one root is the negative 
of the other. 

20 Find the condition that the quadratic equations |, x? + m,x +n, = 0 and 
Lx? + m,x +n, = 0 have a common root. 

21 Find the values of k for each of which the quadratic equations 
x? + kx — 6k = Oand x? — 2x —k = Ohaveacommon root. [JMB, part] 

22 If the quadratic equations x? +ax +b =0 and x?+bx +a=0 (a#b) 
have a common root, show that the solutions of 2x? + (a + b)x = (a + b)? 
arex =1andx = —}. [LU, part] 

23 If « and @’ are the roots of the equation (x — f)(x — f’) = y, show that 
B and f’ are the roots of the equation (x — a)(x —«’)+y =0. 

24 If the roots of the equation x? + bx +c = 0 are « and PB and the roots 
of the equation x?+Abx+A4?c=0 are y and 6, prove that: 
(i) (wy + Bd)(«d + By) = 2A?c(b? — 2c); (ii) the equation whose roots are 
ay + Bd and a6 + By is x? — Ab*x + 2A?c(b? — 2c) = 0. [JMB, part] 

kx? —6x +4 


25 Find the limits between which k must lie in order that —,————-- 
4x? —6x+k 


may be capable of all values when x is real. 
26 (a) If « and £ are the roots of the equation ax? + bx +c =0, form, 
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without solving this equation, an equation whose roots are «?/B and 
B?/a. 
: ; xX +p 
(b) Find the set of possible values of p if i can take all real values 
x— 





2 

ais 7 when p = 3. 
[AEB] 

27 The roots of the equation 9x? + 6x + 1 = 4kx, where k is a real constant, 
are denoted by a and f. (a) Show that the equation whose roots are 1/a 
and 1/ is x? +6x +9 = 4kx. (b) Find the set of values of k for which 

a and f£ are real. (c) Find also the set of values of k for which a and B 
are real and positive. [LU] 

28 The roots of the equation x? + px + gq = 0 are « and f. (i) Given that the 
roots differ by 2,/3 and that the sum of the reciprocals of the roots is 

4, find the possible values of p and gq. (ii) Find an equation whose roots 





when x is real. Find the set of possible values of 
x— 


2 : ; : 
are a+— and B+-, expressing the coefficients in terms of p and q. 
a 


[C] 

29 Given that f(x) = x? + (k + 2)x + 2k, show that the roots of the equation 
J (x) = 0 are real for all real values of k. (a) Find the roots of f(x — k) = 0. 
(b) Find the value of k for which the equation f(x — k) — 2x = 0 has roots 

x =0 and x=7. For this value of k, find the minimum value of 
(x — k) — 2x. (c) Given that 2c = 2—k, show that the roots of the 
equation f(x — k) +c? = 0 are equal, and find the value of these equal 
roots when k = 1. [LU] 

30 Given that the roots of the equation x? — x — 1 =0 are « and 8, find, 
in its simplest form, the quadratic equation with numerical coefficients 


Sq. [JMB] 


2—B 





1+ 
whose roots are 


6 
Properties of the trigonometric functions 


6.1 The measurement of angle 


When a line OP rotates from a position OX to some other position OP, 
the angle POX is said to be positive if the sense of rotation is anticlockwise, 
and negative if the sense of rotation is clockwise. Thus, in Figure 6.1a, 
Z POX = 115° and in Figure 6.1b, L POX = — 49°. 


ee x 
49° 





P 


(a) (b) 
Figure 6.] 


Angles are generally measured in degrees (360° = one revolution) or 
radians, this latter unit being defined as follows. Let AB be an arc of a circle, 
centre O, equal in length to the radius r of the circle (Figure 6.2a). Then 
ZL AOB is one radian. If CD (Figure 6.2b) is an arc of length s, then / COD 
is defined to be 


d= = radians (6.1) 
r 





Figure 6.2 
88 


The measurement of angle 89 


It follows from (6.1) that one complete revolution is equivalent to 2zr/r = 
2x radians. Thus, we have the relationship between the two units: 


2n radians = 360° 


nm radians = 180° (6.2) 
; 180\° 
l radian =(——] = 57-:2958° = 57° 17’ 45” (6.3) 
n 
1° =—~. radians 6.4) 
~ 180 6 


Example 1 Express the following angles in radians: (i) 37°, (ii) — 143° 10’. 
(i) By (6.4) 





37 x2 
T= - ian = 0. i 
3 180 radian = 0.6458 radian 
(ii) — 143° 10’ = —1432° = — 143-166° 
Therefore 
— 143° 10’ = sues radians = —2-499 radians 


Example 2 Express the following angles in degrees and minutes correct to 
the nearest minute: (i) 2:1 radians, (ii) 7/12 radian. 


(i) By (6.3) 
2:1 x 180 
2:1 radians = ——= degrees = 120:316° 
= 120° 19’ (correct to the nearest minute) 
; 180\° 
(ii) pp Tadian = (4 x =) = 1S° 


Although an understanding of the relationship between the units concerned 
is desirable, in practice the conversions of the examples above are best carried 
out with the aid of tables or a calculator. 


Exercises 6a 


1 Express the following angles in degrees and minutes correct to the nearest 
minute: (i) 3-2 radians, (ii) — 1-58 radians, (iii) 2/5 radian. 

2 Express in radians (i) 235°, (ii) 14° 4’, (iii) — 128° 10’. 

3 Which is the larger of the following pairs? (i) 129° or 2:16 radians, 
(ii) 19° or 5 radian. 

4 Verify the correctness of the following useful equivalents: 


(i) 5 radians = 90° (ii) i radian = 45° (iii) ; radians = 60° 


2 F 
(iv) : radian = 30° (v) * radians = 120° 


90 Properties of the trigonometric functions 


5 For which of the following angles will the positions of OP coincide? 
L POX = (i) — 120°, (ii) 135°, (iii) 600°, (iv) 240°, (v) —225°, (vi) 30°. 


6.2 The trigonometric ratios for an acute angle 
For an acute angle 6, the trigonometric ratios are defined as follows 
(see Figure 6.3): 


sin 6 = cos 9 = ~ tan dé = (6.5) 


Mw] #IX 


cosec 8 = . sec 0 = is cot @ = (6.6) 
y x 





Figure 6.3 


Thus, we have immediately the following relationships between the six 
ratios: 








1 1 1 
= = ——— => 7 
cosec 0 aad sec 6 Soa cot 6 tan (6.7) 
Also F 
y y fx sind 
tandé =—= 2% = 
x rj/r_ cosé 
ane x x fy cosé 
t@=—=— SA 6.8 
co ‘ose FE (6.8) 
Furthermore, x? + y? = r?, therefore 
x? y? 
poe 
that is 
cos? 6 + sin?6 = 1 (6.9) 
This may be written in either of the forms 
sin?@=1—cos?@ or cos?@=1-—sin?6 (6.10) 
In addition, we have 
2 2 2 2 
y x+y r 
tant = = = 


therefore 
1 + tan? 6 = sec?6 (6.11) 
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Also 
x2 y? + x? r2 
1+cot?@=14+—=-,— =; 
y? y? i 
therefore 
1 + cot? @ = cosec? 0 (6.12) 


The relationships (6.5) to (6.12), which are true generally for any acute angle, 
enable us to calculate all the trigonometric ratios if one is known, and are 
of value in rewriting trigonometric expressions in alternative and simpler 
forms. 


Example 1 If sin@ = 1/,/3 and 0° <@ < 90°, find the values of the other 
trigonometric ratios of the angle 0. 





From (6.10) 
cos?@ = 1—sin?@=1—4=3 
cos 0 = ,/§ 
By (6.8) 
sin 6 1 
tan@ = = 0) 
and by (6.7) 


secO=./$  cosecO=,/3 cotd@=,/2 
Example 2 Show that sin? 6 + (1 +cos@)? = 2(1 + cos 6). 
The left-hand side (LHS) = sin? 6 + (1 + cos 6)? 
= sin? @ + 1 + 2cos6 + cos*@ 
=2+2cos0 
(since cos? 6 + sin? @ = 1) 
= 2(1 + cos 8) 
= right-hand side (RHS), as required. 


Example 3 Show that (==) a sex = tanx 














1+cosx/\1 + cosec x 
ia cosx + 1 
1 +sinx cos x 1+sinx COS x 
1+ cosx 1 1+cosx | sinx+1 
sin x sin x 
1+sinx 1+cosx  sinx sin x 
= = tanx 


“~1+cosx cosx 1+sinx cosx 


Trigonometric identities may often be proved by reducing one expression 
(usually the more complicated) to the second. In other cases we may proceed 
by showing that 
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(i) LHS — RHS = 0, or 


., LHS 
(ii) RHS = 1, 


sng __ 1 + cos & 


Example 4 Show that ices ene te 








LHS__ sing sing | _ sin? gd _ = sin? = 
RHS'~ 1-—cos¢ 1+cos¢ —cos? sin? 
therefore 
LHS = RHS 
_ sin d 1+cos¢d 
1—cos¢ sin d 
Exercises 6b 


1 If cos@ = }4 and 0° < 8 < 90°, evaluate sin 0, tan 0, cot 0, sec 0, cosec 0. 
2 If tan@ = 3 and 0° <0 < 90°, evaluate sin 6 and cos 0. 


x? 5/2 
3 If x = acos 9, simplify (i) a? — x?, (ii) (1 - *) 


ec ates 1 x? 
4 If x = atan6, lify (i) -———.., (ii — }. 
x = atan 9, simplify (i) ab x” (ii) JC: + =) 


5 If c = cos 0, express in terms of c (i) 3 sin? 6 — 2cos@, (ii) tan? 6 + 2cos 9, 
(iii) cosec 0 + sin 6. 
6 If 6cos? 6 + 2sin? 6 = 5, show that tan?6 = $. 


7 If acos? 6 + bsin? 6 = c, show that tan? 6 = 





—c 
8 If cot? 6 + 3cosec? 6 = 7, show that tan 9 = +1. 
Show that 
9 tan 6 + cot 6 = sec @cosec 0 
10 4—3cos?@ = 3sin?6+1 
1+cos@ sec — 1 
1—cos@ secO +1 
12 (1+ sin 6)? + cos? 6 = 2(1 + sin 0) 
13 (sin 6 + cos 6)? + (sin 6 — cos 6)? = 2 
14 (cosec x — cot x)(cosec x + cot x) = 1 
15 cos* A — sin* A = cos? A — sin? A 
1 —sin0 
1+sin6 
1+tanA—secA 1+secA—tanA 


seccA+tanA—1 secA+tanA+1 


es e aa ste = 2sec0 

1+ sin@ cosO 

19 If x’ =xcos@+ ysin@ and y' = xsin @—ycos@, show that x’?+y?= 
x? + y?, 





= (sec 6 — tan 6)” 
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20 If x =rsin@cos ¢, y = rsin@sin ¢, z = rcos@, show that x? + y? +2? = 
2 
r?, 


6.3 The trigonometric ratios for any angle 


The definitions of the trigonometric ratios given in the previous section can 
only apply to acute angles, since they involve the ratio of the sides of a 
right-angled triangle containing the given angle. In this section, we shall 
define the trigonometric ratios in such a way as to be applicable to angles of 
any size. These new definitions, if applied to acute angles, will, of course, 
yield the same results as before. 

We shall measure angles from a fixed line X’OX on the plane. Y’OY is a 
line in the plane perpendicular to X’OX (Figure 6.4). This pair of lines divides 
the plane into four quadrants, XOY, YOX’, X’OY’, Y'OX (the first, second, 
third and fourth quadrants respectively). Let OP be any line in the plane 
through O and let 2 POX = 8. This is defined in accordance with the sign 
convention of Section 6.1. 





Figure 6.4 


Let x and y be the cartesian co-ordinates of P, referred to the axes X’OX, 
Y’OY, also defined with the usual sign conventions. Let OP = r be measured 
as positive for all positions of P. Then the trigonometric ratios for 4 POX 
are defined as 


sing =~ cos@ == tang =» (6.13) 
r r x 
and 


1 1 1 
cosec 0 and sec 0 a cot 0 ‘and (6.14) 
If these definitions are applied to an acute angle, i.e. one which lies in the 
first quadrant, the results are identical with those given in Section 6.2 (see 
Figure 6.5). 
For other angles, however, we must take account of the signs of x and y. 
If P is in the first quadrant, then x, y and r are all positive, so that the sine, 
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Figure 6.5 


cosine and tangent are all positive. If P is in the second quadrant, y is positive 
and x is negative, so that the sine is positive but the cosine and tangent are 
negative. If P is in the third quadrant, x and y are negative, so that the sine 
and cosine are negative but the tangent is positive. If P is in the fourth 
quadrant, x is positive and y is negative, so that the sine and tangent are 
negative but the cosine is positive. These results may be memorised with the 
aid of the following diagram which shows which of three ratios (sine, cosine 
and tangent) are positive in each quadrant. 


sin | all 
tan | cos 
With the definitions (6.13) and (6.14) it is clear that the identities (6.9) to 


(6.12) will remain valid for angles in any of the four quadrants since the 
relation x? + y? =r? is true whatever the signs of x and y. 





Figure 6.6 


The definitions (6.13) and (6.14) enable us to define the trigonometric ratios 
for any angles. Tables of the trigonometric functions only exist for angles in 
the range 0° to 90°. These tables are, however, quite sufficient, for the trigono- 
metric ratios of any angle may be expressed in terms of the trigonometric 
ratios of an acute angle. The following general relationships proved below are 
of value in such transformations. 

First, we observe that if 2 POX = 6 and Z P’OX’ = —4@, then P and P’ 
are the mirror images of each other in the line X’OX (Figure 6.6). Thus, 
OP = OP’ =r, say. 

Also, the abscissae of P and P’ are the same, but their ordinates though 
equal in magnitude are opposite in sign, thus by (6.13) 
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sin(—0) = —» = —sin@ 
r 
x 
cos (—@) = ao cos@ |. (6.15) 


tan(—6) = ——= —tan@ 


If P and P’ are the ends of a diameter of a circle radius r, and £ POX = @, 


then 2 POX = 180° + 6. But we can see (Figure 6.7) that in this case the 
abscissae and ordinates of P and P’ are equal in magnitude but opposite in 


sign. 
Thus by (6.13) 


sin (180° + 6) = = = —sin@ 
—xX 
cos (180° + 6) = ae —cos@ ‘ (6.16) 


tan (180° + 6) pa ea tan@ 
—-xX Xx 


If we replace 0 by —6@ in (6.16), we obtain, after using (6.15), 


ex 









Figure 6.8 
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sin (180° — 6) = —sin(—6)= _—_ sin@ 
cos (180° — 6) = —cos(—0@) = —cos@ (6.17) 
tan(180°— 6) = tan(—6) = —tan@ 


If 2POX = 6 and £P’OX = 90° + 8, then P and P’ lie on the ends of 
perpendicular radii of a circle centre O and radius r (Figure 6.8). 
Thus, if P is the point (x,y), P’ is the point with co-ordinates (— y,x). Thus 


sin (90° + 6) = : =cos0 


cos(90° + 6) = —> = —sind : (6.18) 


tan (90° + 6) = —* = —cord 


If we replace 0 by —@ in (6.18), we obtain after using (6.15) 
sin(90°— 6) = cos(—@)=cos@ 
cos(90° — 6) = —sin(—8@) = sin@ 
tan (90° — 6) = —cot(—6) =coté 
If 2 POX = 6 and £4 P’OX = 360° + 0, then P and P’ coincide and if P 
is the point (x,y) P’ is also the point (x,y) (Figure 6.9). Thus 


(6.19) 





Figure 6.9 


cos (360° + 8) = cos@ 
tan (360° + 0) = tand 


If we replace 0 by —6@ in (6.20), we obtain 


360° — 6) = sin(—6) = —sin@ 
360° — 6) = cos(—8)= cos (6.21) 
360° — 0) = tan(—6) = —tan@ 


i) sin 150°, (ii) cos 210°, (ili) tan 300°, (iv) cos 420°. 


sin (360° + 6) = sin @ 
(6.20) 


sin 
cos 
tan 


pa ae ae 


Example 1 Evaluate 


_~ 
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(i) sin 150° = sin (180° — 150°) 
= sin 30° = 0°5 
cos (180° + 30°) 
—cos 30° = —0.866 }+ From 
—tan (360° — 300°) tables 
—tan 60° = — 1-732 
cos (360° + 60°) 
= cos 60° = 0°5 


Example 2 Express in terms of the trigonometric ratios of positive acute 
angles (i) cos — 170°, (ii) tan 210°, (iii) cos — 300°, (iv) sin — 500°. 


(i) cos — 170° = cos 170° = —cos(180° — 170°) = —cos 10° 
(ii) tan 210° = tan (180° + 30°) = tan 30° 
(ili) cos — 300° = cos 300° = cos (360° — 300°) = cos 60° 
(iv) sin —500° = —sin 500° = —sin(360° + 140°) 
= —sin 140° = —sin(180° — 140°) = —sin 40° 


(ii) cos 210° 


(ili) tan 300° 


(iv) cos 420° 


Exercises 6c 


1 Evaluate (i) sin 160°, (ii) cos — 400°, (iii) tan 520°, (iv) sin — 200°. 

2 Express in terms of the trigonometric ratios of positive acute angles 
(i) cos 190°, (ii) tan — 410°, (111) cos 300°, (iv) sin — 740°. 

3 Show that sin (270° — 0) = —cos 6, cos (270° — @) = —sin 6, tan(270° — @) 
= cot 0. 

4 Show that sin (270° — 6) + sin (270° + 6) = —2cos 8. 

5 Show that cos 210° cos 150° — sin 210° sin 150° = 1. 

6 Evaluate (i) sin (37/2), (ii) cos (— 92/4), (iii) tan (1127/3), (iv) sin (— 87/3). 

7 Evaluate (i) sin 180°, (ii) sin 270°, (iii) sin 360°, (iv) cos 180°, (v) cos 270°, 
(vi) cos 360°. 

8 If sin@ = 1/,/3 and @ is obtuse find cos 6 and tan 0. 

9 tan = 3 and @ is in the third quadrant; calculate sin 0 and cos 0. 

0 If A, B and C are angles of a triangle, show that (i) sin(90° + A) = 
—cos(B + C), (ii) sin$(A + B) = cos$C. 


— 


6.4 The graphs of the trigonometric functions 


For angles in the range 0° to 90°, the trigonometric ratios have been tabulated. 
Thus, the graphs of these ratios may be plotted very accurately for acute 
angles. The results of the previous section then enable us to plot the graphs 
for other values of the angle. 

Less accurately, we may obtain the graph of the function y = sinx as 
follows. Consider a circle of unit radius with centre O. Let X’OX and Y’'OY 
be two perpendicular axes. Then, if 2 POX = x and P is on the circumference 
of the circle, sinx is equal to the projection of OP on the axis Y’OY. In 
Figure 6.10, several positions of OP corresponding to different angles are 
shown together with the projection of OP on Y’OY. These enable us to 
obtain the graph shown. 

From Figure 6.10, the maximum value of sinx is seen to be 1 and the 
minimum value — 1. The graph crosses the x-axis at x = 0°, + 180°, +360°, 
etc. 
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Figure 6.10 


The graph for the function y = cos x can be obtained from Figure 6.10 by 
means of the relation 


cosx = sin(90°+ x) from (6.18) 


Thus the ordinate of the sine curve at x + 90° is the ordinate of the cosine 
curve at x. The cosine curve is thus the sine curve moved 90° along to the 
left. This is shown in Figure 6.11, from which we see that cos x has a maximum 
and a minimum value of +1 and —1, respectively. The curve crosses the 
x-axis at x = +90°, +270°, +450°, etc. 


— 180° -90° 180° 270° 360° 450° 540° 





Figure 6.11 


For the function y = tan x, let C be the centre of a circle of unit radius at 
unit distance from a vertical line Y’'OY. Let CP be a radius of this circle. 
Produce CP (or PC) to meet Y’'OY at Q. Then OQ (with appropriate sign) 
represents the tangent of angle PCO. In Figure 6.12, various positions of P 
and Q are shown and the graph of y = tan x is obtained from this. 

From the graph, we see that y = tan x is unbounded at x = +90°, +270°, 
etc. and crosses the x-axis at x = 0°, +180°, + 360°, etc. 

The graphs above, or more accurately the tables of the trigonometric 
functions, enable us to evaluate the trigonometric ratio of any angle. The 
ratios for the particular angles 30°, 60° and 45° can, however, be obtained 
exactly from considerations of an equilateral triangle and an isosceles right- 
angled triangle. Thus in Figure 6.13, OPN is an isosceles right-angled triangle 
in which ON = PN = 1 unit. Then, LOPN = 45° and, by Pythagoras’ 
theorem, OP = ,/2 units. Thus 

ON 1 PN 1 ON 


sin 45 — on cos 45 - OP 2 tan 45 =pn 7! (6.22) 
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y=tanx 


















—_——- x 
oa 180° 270° 360° 450° 

















Figure 6.12 


In Figure 6.14, OPQ is an equilateral triangle of side 1 unit, ON being 


an altitude. Thus, PN = NQ = 3 unit and LOPN = 60°. Z PON = 30°. 
Now ON? = OP? = 1 — 4 = 3. Therefore 


and so 


: . PN thd 7 
sin 30 = op = 00860 = 


2 
ON. 3 
30° = —_= e = Y— E 
cos OP sin 60 5 (6.23) 

> PN ae 
tan 30° = ON = cot 60 Sas 
tan 60° = cot 30° = /3 


The results (6.22) and (6.23) are often useful and are worth the trouble of 
memorising. 


Tt 
P 1 N 


P N Q 
Figure 6.13 


Figure 6.14 
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Exercises 6d 


1 Plot the graphs of (i) y = sec 6, (ii) y = cosec 0, (iii) y = cot 0 for all values 
of @ in range —720° to +720°. 

2 Plot the graph of (i) y = sin 2x, (ii) y = cos(x + 45°), (iii) y = tan(2x + 30°). 

3 Plot the graph of (i) y=3cosx+4sinx and on the same scale 
(ii) y = Ssin(x + 36° 52’). What do you notice? 

4 Plot the graph of (i) y=cosx—sinx and on the same scale 
(ii) y = (1/,/2) cos(x + 45°). What do vou notice? 

5 Without using tables write down the vaiues of (i) sin 120°, (ii) tan — 135°, 
(iii) tan 315°, (iv) cos — 240°, (v) sin (37/4), (vi) tan (— 27/3), (vii) tan( — 57/4), 
(viii) cos (57/4). 


6.5 The addition formulae 


In this section, we shall obtain formulae for the trigonometric ratios of the 
sum and difference of two angles in terms of the trigonometric ratios of those 
angles. 

We shall prove these results to be valid for any pair of angles A and B. 
We first obtain an expression for cos(A — B) in terms of cos A, cos B, sin A 
and sin B. Suppose P and Q are two points on the circumference of a circle 
centre O and radius r and such that 2 POX = A, Z QOX = B. Then, from 
the definitions of the sine and cosine (6.13), P is the point (rcos A, rsin A) 
and Q is the point (rcos B, rsin B). 





Figure 6.15 
Figures 6.15a and b show two possible configurations. In Figure 6.15a, 
ZL POQ = A- B; in Figure 6.15b, L POQ = 360° — (A — B). In both cases 
(and all other cases, as readers should easily verify), cos POQ = cos(A — B) 


by virtue of (6.20) and (6.21). 
Thus, on applying the cosine rule (8.3) to the triangle OPQ, 


PQ? = OP? + OQ? — 20P.OQ cos POQ 
=r? +r? — 2r? cos(A — B) = 2r? — 2r? cos(A — B) 
The triangle PQN obtained by drawing parallels to the axes through P 


and Q has 7 PNQ = 90°, PN = rsinA —rsin B, QN = rcosA —rcosB. 
Therefore, by Pythagoras, 
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PN? + QN? 

r? sin? A — 2r? sin Asin B +r? sin? B +r? cos? A 
— 2r? cos Acos B+ r? cos? B 

r?(sin? A + cos? A) + r?(sin? B + cos? B) 

— 2r?(cos A cos B + sin A sin B) 

2r? — 2r?(cos Acos B + sin A sin B) 


On equating these two expressions for PQ?, we obtain 
cos(A — B) =cosAcosB+sinAsinB (6.24) 
If in (6.24) we replace B by —B (i.e. —B by +B), we obtain 
cos(A + B) = cos(A)cos(—B) + sin A sin(—B) 
which by (6.15) gives 
cos(A + B) = cos Acos B — sin AsinB (6.25) 
In (6.24) replace A by (90° — A), then 
cos (90° — A — B) = cos[90° — (A + B)] 
= cos(90° — A)cos B + sin(90° — A)sinB 
Therefore, by (6.19) we have 
sin(A + B) = sinAcosB+cosAsinB (6.26) 
In (6.26) replace B by —B, then 
sin(A — B) = sin Acos(— B) + cos A sin(— B) 
and so by (6.15) 


PQ? 


sin(A — B) = sin Acos B—cosAsinB (6.27) 
From these results, we obtain by division the corresponding formulae for 
tan(A + B) and tan(A — B) 
ony ea sin(A + B) = sina cess cos 8 
cos(A+B) cosAcosB—sinAsinB 


On dividing numerator and denominator by cos A cos B, we obtain 


tanA+tanB 


tan(A +8) =——__—_--—. (6.28) 


In the same way 
sin Acos B—cosAsinB tan A —tanB 


nS B)S cosAcosB+sinAsinB 1+tanAtanB (6-2?) 


Example 1 Given sin 45° = cos 45° = 1/,/2, sin 30° = 1/2, cos 30° = ,/3/2, 
calculate sin 15°. 
By (6.27) 


sin 15° = sin(45° — 30°) = sin 45° cos 30° — cos 45° sin 30° 
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1+tanA 
Example 2 Show that tan (45° + A) = i a 


—tanA’ 
By (6.28) 
tan 45° + tan A 1+ tanA 


t ° 4 4) = ——_—__—_—__ = — 
ana) 1—tan45°tanA 1-—tanA 





since tan 45° = 1. 
Example 3 Show that sin(x + y)sin(x — y) = sin? x — sin? y. 
LHS = (sin x cos y + cos x sin y)(sin x cos y — cos x sin y) 
= sin? x cos? y — cos? x sin? y 
= sin? x(1 —sin? y) — (1 — sin? x) sin? y 
= sin? x — sin? y = RHS 


Exercises 6e 


1 If sin A = % and cos B = 4, evaluate without using tables (i) sin(A + B), 
(il) cos(A — B), (ili) tan(A + B), if A and B are acute. Is (A + B) an acute 
angle? 

2 If tan(x + y) = $ and tan x = 5, evaluate tan y. 

3 Evaluate without tables (i) cos 75°, (ii) sin 75°. 

4 Using (6.25) show that (i) cos (90° + A) = —sin A, (ii) sin (90° + A) = cos A. 

5 Show that (i) sin (180° — A) = sin A, (ii) cos(180° — A) = —cosA. 

6 Simplify (i) sin 40° cos 30° — cos 40° sin 30° 

(ii) cos 50° cos 60° — sin 50° sin 60°. 
7 Simplify (i) cos 40° cos 30° + sin 40° sin 30° 
(ii) sin 150° cos 160° + cos 150° sin 160°. 
tan 30° + tan 40° tan 60° — tan 30° 


8 Simplify (i) + (ii) 


— tan 30° tan 40° * 1 + tan 60° tan 30° 
9 Show that sin x + sin (x + 37) + sin(x + $2) = 0. 
Show that 
10 Gitbinpee 
cos Acos B 
t ty— 

ll cot(x+y) = cobeceter 

cot x +coty 


12 (cos 6 + cos ¢)? + (sin 6 + sind)? = 2 + 2cos(@— ¢) 
cos x + sin x 
13 tan (x + $x) = ———__ 
cos xX — sinx 
14 cos(A + B)cos(A — B) = cos? A — sin? B 
15 tan (in + x) tan (in — x) = 1 
sin 8 + ycosé 
cos 9 — psin@ 
17 Given sin(x — a) = cos(x — a), show that 


16 If tan A = yp, show that = tan(6 + A). 


tan o = me 2 tan (x — 42) 
~ tanx+1 - 
18 Express in terms of the sines and cosines of A, B and C (i) sin(A + B+ C), 
(il) cos(A + B+C). 
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19 Show that 


tan A + tan B+ tan C — tanA tan BtanC 
tan(A + B+ C) = —— 


20 If A, B and C are the angles of a triangle show that 
(i) cos A + cos(B — C) = 2sin BsinC 
(ii) cos$C + sin$(A — B) = 2sin}Acos3B. 


6.6 Multiple and submultiple angle formulae 
If we put B = A in (6.26) and (6.25), we obtain 

sin2A == sin Acos A + cosAsinA 

sin2A == 2sin AcosA (6.30) 
and 

cos 2A == cos? A — sin? A (6.31) 


Since cos? A = 1 — sin? A and sin? A = 1 — cos? A, this result can be put in 
either of the forms 


cos2A = 2cos? A —1 (6.32) 
or 
cos2A = 1—2sin?A (6.33) 
Also 
faba _ tana +tanA 
1—tanAtanA 
2tan A 


We can use these important results to obtain expressions for sin 3A, cos 3A, 
tan 3A, etc. 
sin 3A = sin(2A + A) = sin2AcosA + cos2A sinA 
= 2sin A cos? A + (cos? A — sin? A)sin A 
= 2sin Acos? A + sin A cos? A — sin? A 
= 3sin Acos? A — sin? A 
= 3sin A(1 — sin? A) — sin? A 
Therefore 
sin 3A = 3sin A — 4sin> A (6.35) 
cos 3A = cos(2A + A) = cos2Acos A — sin2A sin A 
= (2 cos? A — 1)cos A — 2sin? Acos A 
= 2cos? A — cos A — 2cos A(1 — cos? A) 
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Therefore 
cos 3A = 4cos* A — 3cosA (6.36) 


tan2A + tan A 
tan3A = tan(2A + A) = —_____—_- 
Gard) 1—tan2AtanA 





_ 2tan A + tan A — tan? 4 
~ | —tan? A —2tan?A 


Therefore 


tan3A = ——_—_—_._—_ (6.37) 


If we replace A by 3x in (6.30), (6.31), (6.32), (6.33) and (6.34), we have 





sinx = 2sin}x cos 4x (6.38) 
cosx = cos? 4x — sin? 5x (6.39) 
= 2cos?4x—1 (6.40) 
= 1—2sin?4x (6.41) 
2tan $x 
t =—_— — 6.42 
an = T tan? 3x 2) 


These results enable us to express sinx, cosx and tanx in terms of 
tan $x. For with tan4x = t, we have immediately from (6.42) 


2t 
t =— 6.43 
anx =7—3 (6.43) 
sinx = 2sin$x cos 4x 


2 sin $x cos 5x : : 
= — >" 5 -— (since cos? $x + sin? 4x = 1) 
cos? $x + sin? 5x 


On dividing the numerator and denominator by cos? $x, we have 
sin $x 
cos 4x 


sin x = ———> 
sin? 4x 





cos? 4x 


therefore 


sinx = 


oe 6.44 
14+t? of 
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Also 
sin? $x 
cos? 4x — sin? $x cos? $x 
cosx = —57 —5- = 4 
cos* 5x + sin* 5x sin? $x 
cos* 4x 
therefore 
1—t? 
cos X = ———5 (6.45) 
1+t 


Example 1 If tan @ = 34 and 6 is acute, calculate tan 46. 
We have from (6.43) with t = tan40 


BA: Dt 
[A oe te 
24 —24t? = 14¢ 


24t? + 14¢-24=0 
1274+ 7t-12=0 
(4t — 3)(3t + 4) =0 
t=2 or t=—4 
But since 6 is acute, so is 50, so that tan 40 is positive. Therefore, we have 
tan 40 = 3. 


sin 20 
E le 2. Show that —————- = . 
xample ow tha i easoo tan 0 
LHS = 2sin @cos 0 —2sinOcos@ _ sin? _, 9 


Example 3 Prove that cos* A — sin* A = cos 2A. 
LHS = cos* A —sin* A = (cos? A —sin? A)(cos? A+ sin? A) 
= cos? A — sin? A 
(since cos? A + sin? A = 1) 
Therefore 
cos* A —sin* A = cos2A = RHS 


Exercises 6f 


1 If tan 6 = 4, calculate the possible values of tan 30. 
2 Show that tan 223° = ,/2 — 1, without using tables. 
3 If cos A = §, find without tables sin 2A, cos}A and tan4A. 
4 Given cos 30° = ,/3/2, show that sin 15° = 5,/(2 — ,/3). 
5 From the values of cos 30° and sin 30° deduce those of cos 60° and sin 60°. 
Show that 
sin 2A 


1 —cos2A cond 
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7 tan 26 — tan @ = tan @sec 20 
1 + cos x + cos 2x - 





: : =cotx 
sin x + sin 2x 
9 = 168 = 16 cos @cos 26 cos 40 cos 80 
sin 0 


10 (cos 6 — sin 6)? = 1 —sin 20 
a 1+tan? A _ 1 
(1+tan A)? 1+sin2A 
12 sin? 2¢ + 2cos? cos 2¢ = 2cos? d 
1 — sind 
13 tan? (ix — 46) = ———— 
G2) = aio 
14 If tan?x = 1 +2tan? y, show that cos 2x + sin? y = 0. 
15 Express in terms of t = tan 46 (i) 1 + sin, (ii) 1 + sin@ + cos0, 
(iil) sec 9 — tan @. 


6.7 The factor formulae 


The sums and differences of sines and cosines may be expressed as products 
of sines and cosines and vice versa. 
From (6.26) and (6.27), we have 


sin(A + B) = sin AcosB+cosAsinB 
sin(A — B) = sin Acos B—cos Asin B 


so that on addition 


2sin A cos B = sin(A + B) + sin(A — B) (6.46) 
and on subtraction 
2cos Asin B = sin(A + B) —sin(A — B) (6.47) 


Similarly from (6.24) and (6.25) 


cos(A — B) = cos AcosB+sin Asin B 
cos(A + B) = cos Acos B— sin Asin B 


so that 
2cos A cos B = cos(A + B) + cos(A — B) (6.48) 
2sin Asin B = cos(A — B)—cos(A + B) (6.49) 


These formulae enable us to express a product of sines and cosines as a 
sum or a difference. 
If we put 4+B=C and A—B=D, so that A=}3(C+D) and 
B = 4(C — D), we obtain 
sin C + sin D = 2sin4(C + D)cos4(C — D) 
sin C — sin D = 2cos}$(C + D)sin4(C — D) 
cos C + cos D = 2cos4(C + D)cos4(C — D) 
cos C — cos D = —2sin}(C + D)sin4(C — D) 


(6.50) 
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These formulae enable us to express a sum or a difference of two sines or 
cosines as a product. Note the minus sign in the last result. 


Example 1 Show that sin2A cos4A + sin3A cos9A = 4(sin 12A — sin 2A). 
By (6.46) 


sin2A cos4A = $sin(2A + 4A) + $sin(2A — 4A) 
= 5sin6A + 4sin(—2A) 
= 5sin6A —4sin2A 
Similarly 
sin 3A cos9A = 5sin(3A + 9A) + 4sin(3A — 9A) 
= sin 12A — $sin6A 
On addition, we have 
sin2A cos4A + sin3Acos9A = 4(sin 12A — sin2A) 
as required. 
Example 2 Show that sin 7x + sin x — 2sin 2x cos 3x = 4cos? 3x sin x. 
LHS = sin 7x + sin x — 2sin 2x cos 3x 
= 2sin}(7x + x) cos 4(7x — x) — 2sin 2x cos 3x 
= 2sin 4x cos 3x — 2sin 2x cos 3x 
= 2cos 3x(sin 4x — sin 2x) 
= 2cos 3x.2cos$(4x + 2x) sin $(4x — 2x) 
= 4cos? 3x sin x 
Example 3 If sin@+sin ¢ = a and cos@ + cos ¢ = b, show that 
cos? 5(0 — ¢) = }(a? + b?) 
We have 
2sin 4(0 + ¢) cos 3(0 — ¢) =a 2cos $(0 + ¢)cos3(0— >) =b 
On squaring and adding, we obtain 
4cos? 4(6 — ¢)[sin? $(0 + ¢) + cos?4$(0 + ¢)] =a? + b? 
therefore 
a? + b? 
4 





cos” 3(8 — $) = 


Exercises 6g 


Show that 
1 sin 50° + sin 40° = \/2 cos 5° 
2 cos 70° + cos 20° = ,/2 cos 25° 
3 sin 70° + sin 50° = ,/3 cos 10° 
4 cos 75° — cos 15° = —1/,/2 
5 cos5A +cos3A = 2cos Acos4A 
6 sin 6x — sin 2x = 2 cos 4x sin 2x 
7 cos A —cos 13A = 2sin7A sin6A 
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8 2sin 30cos 6 = sin 46 + sin 20 
9 2sin 70 sin 0 = cos 60 — cos 80 
10 2cos 58@cos @ = cos 66 + cos 40 

cos 76 + cos 30 wenese 

sin76+sin30 
sin 6+ sin 50 = tan36 
cos6+cos56 — 
cos 70° — cos 50° 


sin 70° — sin 50° = “v3 








sné+sind |, 

cos 8 + cos & = tans @) 

sin 8 — sind ; 
—___— =t 6— 

cos@+ cos d ang O30) 


cos 70° + cos 20° 


sin 70° + sin20° 








sinB + sin3B+sinSp _ n3p 
cosB +cos3f+cos5B _ 
cos 2a + cos 5a + cos 8a 

= cot 5a 


sin2da+sin5a+sin8a _ 
2sin A 
19 tan4(A — B) + tan3(A + B) = ———_——- 
a ) anal ) cos A + cos B 


20 cos? (« + B) + cos? (« — B) = 1 + cos 2acos 2B 
21 4cos Acos(A + 3x) cos(A + $2) = cos3A 
22 sin Acos3A — sin3Acos5A = $(sin4A — sin8A) 
23 sin4Asin5A + sin2Asin11A =sin7Asin6A 
24 cosx + 2cos2x +cos3x = 4cos?4xcos2x 
25 sina + sin(« + 3x) + sin(a + 5x) + sin (a + 8x) 
= 4sin (a + 4x)cos 3x cos $x 


6.8 The function acos 0 + dbsind 


Expressions of the form acos@ + bsin@ arise in many practical problems. 
We shall show that this expression may be written in a form involving either 
the sine or the cosine of some other angle. We saw this in two particular 
cases (Exercises 6d, questions 3 and 4). 

If we set acos 9 + bsin @ = Rsin(@ + a), then R and « can be found by the 
following reasoning. We require acos 6 + bsin 6 to be identical with 


Rsin@cosa + Rcos@sinal= Rsin(@+«) by(6.26)] 
This will be so if Rcosa = b and Rsina =a. If we square and add these 
equations, we obtain 
R?(cos? « + sin? a) = a? + b? 
R = +,/(a? + b’) 

On division, we obtain 

Rsina a 

Reosa 6 
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that is 
tana =" 
b 
Therefore 
acos 6 + bsin@ = +./(a? + b’)sin(6 + a) (6.51) 
where 
tana =~ 
b 


If we chose R to be positive, then « is determined by the signs of sina and 
cos « (which are those of a and b respectively) and tana = a/b. 


sina = at by cos a = nae 
Alternatively, if we set 
acos 6 + bsin @ = Rcos(6 — B) 
= Rcos @cosf + Rsin @sin B 


then Rcos B = aand Rsin B = b. Therefore, on squaring and adding, we have 
(for positive R) 


R= (a? +b’) 
and on dividing, we have 
tan B = 2 
a 
Therefore 
acos 6 + bsin 6 = ,/(a? + b?)cos(0— B) (6.52) 
where 
tan B = 2 
a 


Example 1 Express in the form R sin (6 + a), 2cos 6 + 3sin 6. 
By (6.51) 


2cos 6 + 3sin@ = ,/(2? + 37)sin(6 + a) 


where tana = 3, sina = 2/,/13 and cosa = 3/,/ 13, so that a is acute (see 
Figure 6.16). 


VN 224 37 


3 
Figure 6.16 
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From tables, « = 33°41’, therefore 
2cos 6 + 3sin@ = ,/13sin(6 + 33°41’) 


Example 2 Express in the form Rcos(@ — a), cos @ — 2sin 0. 
By (6.52) 


cos 8 — 2sin 8 = \/(17 + 2?)cos(@ — a) 
where tan a = —2/1 = —2, sina = —2/,/5, cosa = 1/,/5, so that « lies in 
the fourth quadrant (Figure 6.17). From tables, a = —63°26’, therefore 
cos 0 — 2sin 6 = ,/5cos[@ — (— 63°26’) ] 
= /5cos (8 + 63°26’) 





V5 


Figure 6.17 


Example 3 Express in the form Rsin(@— @), cos 6 — sin @. 
We notice that by (6.27) 


Rsin(@ — a) = Rsin @cosa — Rcos @sina 
If this is to be identical with cos 6 — sin 6, we need to choose R and « so that 
Rcosa=-—1 and —Rsina=1 
On squaring and adding, we obtain 
R?(cos? « + sin? «) = (— 1)? +(1)? =2 
therefore 
R=,/2 (Note: we take the positive root) 


On dividing, we have tana = 1, but since sina = cosa = — 1/,/2, a is in the 
third quadrant. From tables, a = 225° (see Figure 6.18). Therefore 


cos § — sin @ = ,/2sin(@ — 225°) 


Example 4 Sketch the graph of the function y = acos@ + bsin@ and state 
the maximum and minimum values of y. 
We have seen (6.51) that 


y =acos6 + bsin 6 = ,/(a? + b?)sin (6 + a) 


where tana = a/b. 
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Figure 6.18 


The graph of y = sin (6 + «) is obtained from the graph of y = sin@ by dis- 
placing the latter graph a distance « to the left. Multiplication by ,/(a? + b?) 
produces the graph of y shown in Figure 6.19. 








Figure 6.19 


The maximum and minimum values of sin (6 + «)are 1 and — | respectively. 
Hence, the maximum and minimum values of y are vi (a? +b?) and 
—,/(a? + b?) respectively. When 6 = —a, y is zero and one value of 8 which 
produces the maximum value of y is 4 — «. One value of 8 which produces 
the minimum value of y is $x — a. 


Exercises 6h 


1 Express cos 6 + sin @ in the form (i) Asin(6 + a), (ii) Bcos(@ — f). 

2 Express 3cos @ — 4sin@ in the form Rcos @ + a). 

3 Express 2sin 0 — 3cos@ in the form Rsin(0 — a). 

4 Express 3cos 26 + 4sin 20 in the form R sin (20 + «). Hence state the maxi- 
mum value of 3cos 20 + 4sin 26. 

5 By expressing sin@ + 3cos@ in the form Rsin(6 + a) calculate the maxi- 
mum value of this expression. Find an acute angle 0 for which this maximum 
is attained. 
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6.9 The inverse trigonometric functions 


If sin y = x, we say that y is the number of radians in the angle whose sine 
is x. This we write as 
y = arcsin x 


y is called the inverse sine of x. The statements 
siny=x and y-=arcsinx (6.53) 


are equivalent. Figure 6.20 shows the graph of the function y = arcsinx. It 
is easily derived from the graph x = siny. From the graph we see that to 
any value of x there correspond many possible values for y. This ambiguity 
can be avoided (see Section 9.1) by confining our attention to the value which 








y =arcsinx 








Figure 6.20 


lies in the range — 7/2 to 2/2. This value is called the principal value of the 
inverse sine. 

In the same way, if x = cos y then y = arccos x is the inverse cosine of x: 
y is the number of radians in the angle whose cosine is x. The principal value 
of the inverse cosine is the value of y in the range 0 to x. The graph of arccose x 
is shown in Figure 6.21. 


| 
= arccos x 








Figure 6.21 


In the same way, y = arctan x is called the inverse tangent of x and means 
that x = tan y. The principal value of y is the value in the range —2/2 to 
n/2. The graph of arctan x is shown in Figure 6.22. 
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y = arctan x 


nly 








Figure 6.22 


The notation sin~!x, cos~!x and tan~! x is also used for the inverse 
functions, but we discourage its use because of possible confusion with the 
reciprocals of the trigonometric functions, namely, (sin x)~', (cos x)~' and 
(tan x)~!. To be certain of avoiding confusion the reciprocal functions should 
always be written 


1 1 1 
sin x cos x tan x 











It follows as a direct consequence of the definitions above that 
sin (arcsin x) = cos(arccos x) = tan(arctanx) = x (6.54) 
and 
arcsin (sin y) = arccos(cos y) = arctan (tan y) = y (6.55) 


provided y lies in the appropriate principal value range. 

Although they are not used so much as the inverse functions already 
defined, it is possible to define the inverse functions arcsecx, arccosec x, 
arccot x. The principal value arcsec x is taken to lie in the range —2x/2 to 
n/2, while the principal values arcsec x and arccot x are taken to lie in the 
range 0 to z. 


. x 
Example | Show that arctan x = arcsin Jars) 


With arctan x = a, x = tana. Now by (6.55) « = arcsin (sin a), so we express 
sin « in terms of x. Since 





1 14x? 

cosec?a = 1+ cot?¢=1+—=—;3 

. x x 
therefore 

2, 
a x 
sin? « = 
1+x? 
so that 
x 


sel (FET) 


The sign of the square root is positive in accordance with our conventions 
for the principal value. If x is positive, a will lie between 0 and 2/2 so that 
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sin a is positive. If x is negative, a will lie between — 72/2 and 0 and so sing 
will also be negative. Therefore 


. x 
a = arctan x = arcsin( ———___ 
(a + =) 


Example 2 Show that arcsin(—x) = —arcsin x. 

We consider the cases x positive, x negative and x zero separately. If x is 
positive and « = arcsin x, then a lies in the range 0 to 2/2 and sina = x. 
Therefore 

—x = —sina = sin(—a) 
arcsin(—x) = —a = —arcsinx 
If x is negative, put x = —y so that y is positive. Then arcsin(—y) 
= —arcsin y by the above. Rearranging this we have 
arcsin y = —arcsin(— y) 
that is 
arcsin (— x) = —arcsin x 

If x is zero, arcsinO = 0 = arcsin(—0). Thus, we have proved the result 

for all values of x. 





x+ 
Example 3 Show that arctan x + arctan y = arctan ( i ~) 


Let arctan x = a, arctan y = B, so that tana = x, tan Bf = y. Then 
arctan x + arctan y =a+f8 =arctan[tan(«+ B)] by (6.55) 


en ran by (6.28) 


= arctan (| ———_____. 
(; —tanatan p 


Therefore 





arctan x + arctan y = arctan (?: +) (6.56) 


Exercises 6i 


1 Write down the value of (i) arccos(1/,/2), (ii) arctan 1, (iii) arctan J3. 
2 Evaluate (i) arctan (— 1), (ii) arcsin (—4), (iii) arccos (./ 3/2). 


x 
3 Show that 2arctan x = arctan er 





4 Show that arcsin 3 = arccos (./ 3/2). 

5 Show that arccos (— x) = a —~ arccos(x). (Consider the three cases x posi- 
tive, x negative, x zero and proceed as in Example 2.) 

6 Show that if arccos x, arccos y and arccos x + arccos y are all in the range 


0 to $x then 
arccos x + arccos y = arccos {xy — ,/[(1 — x?)(1— y?)]} 


7 Find x if arctan x + arctan (1 — x) = arctan §. 

8 Show that 2 arcsin x = arcsin [2x,/(1 — x?)] if arcsin x <n. 
9 Show that 2 arcsin 7; = arctan 439. 
10 Show that arctan 4 + arctan § = arctan 4. 
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6.10 Small angles 


From the definition of the radian, we see that if s is the length of an arc of 
a circle radius r which subtends an angle @ at the centre then 


s=r@ (measured in radians) (6.57) 


(Compare with equation (6.1).) 





Figure 6.23 


Also, if A is the area of the sector defined by the arc s and the bounding 
radii (see Figure 6.23) then 


A 6 
area of circle 2x 


6 
A= mr = 4776 (6.58) 


We shall use these results to obtain useful approximations to sin 6, cos 6 
and tan 6 when @ is small. 

In Figure 6.24 PR is achord of a circle radius r subtending an acute angle 
6 at the centre O of this circle. PT is the tangent at P. 


Kn 


Figure 6.24 
It is clear that area A POR < area sector POR < area A POT. Thus since 
OP = OR = r and PT = rtan@ 
$7? sin 0 <4r70 < 4r* tan0 
sin 9 < @ < tan@ (6.59) 


6 
Anus eS sin 0 = cos 8 


Now let 8-0, then cos => 1, so that we have 





sin 6 wpe : 
or 1> oe > 60s 0, which is equivalent. 


sme as 0-0 
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Thus “ ~ 1 for small values of 0, that is 


sind = @ if @is small (6.60) 


In practice, this approximation is valid to about four decimal places for 
values of 6 less than 6°, although to use the approximation we emphasise 
that the units for 9 must be radians. 

Since cos @ = 1 — 2sin?46 and since sin}@ = 40 for small values of 8, 
we have 


cos@ = 1—46? if Ois small (6.61) 
This approximation is more accurate than the coarser approximation 
cos8z=1 if @is small (6.62) 
From (6.60) and (6.62) we obtain by division 
tan@ = 6 if 0 is small (6.63) 


Example ]_ Find an approximate value of 6 if sin? = 0-48. 

Since sin @ is nearly 0:5, 6 must be approximately £2 radians. We can 
improve on this first approximation by letting 6 = $x — a, where a is small. 
Then 


0-48 = sin (éx — a) = sin 4x cosa — cos ézsina 


Thus since 
cosgn = ,/3/2 singn=4 cosazl sina 2 a 
we have J 
3 
0-48 z= — — — 
9 a 
therefore 


ar a x 0:02 = 00231 radian 
V3 
1 


°19’ sothat 6 = 28°41’ 


ay 


Example 2. The diameter of a circular flat disc is 1 m. At what distance will 
it subtend an angle of 15 minutes? 
Let AB be a diameter of the circular flat disc; C its centre (Figure 6.25). Then 


AB = | m = 20C tan AOC 
But 


la . 
tan AOC x ZL AOC = 3130 radians 


therefore 


OC = Om = 2292 m 
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(e) a ee 15 a: 
B 
Figure 6.25 


Exercises 6j 


1 Use tables to evaluate sin @ for 0 = 1°, 2°, 3°, 4°, 5°, 10°. Convert 6 to 
radians and compare the values. 

2 Calculate tan 6 for the values of @ in question 1. Compare the values of 
sin 0, 6 and tan (see (6.59)). 

3 Find an approximate value for 6 if sin@ = 0-51. 

4 A hill 15 km away has an angle of elevation of 30’. Find its approximate 
height in metres. 

5 Find the angle subtended by a building 50 m high at a distance of 8-8 km. 


Exercises 6 


In the following questions (and also in subsequent chapter-end exercises), 
both types of notation occur for the inverse trigonometric functions, namely, 
arcsin x etc. and sin~' x etc. This has been done to familiarise readers with 
the form of notation preferred by some examining boards. 
1 Show that tan? 6 — sin? 6 = sin? 6 tan? 0. 
2 Evaluate (i) cos 386°, (ii) sin — 429°, (iii) tan — 819°, (iv) sin 881°. 
3 If 90° < x < 180° and sinx = 08 evaluate (i) cos x, (ii) tan x, (ili) sin 2x, 
(iv) cos 2x. 
4 If sin@ = s and 6 is acute express all the other trigonometric ratios of 0 
in terms of s. 
5 Show that sin* 6 + cos* @ = 1 — 2sin? 6 cos? 0. 
6 Show that (sec? 0 + tan 6)(cosec? 9 — cot 6) = 1 + tan? 6 + cot? 6. 
7 Prove without tables that arcsin 3 — arccos $3 = 2 arctan }. 
8 Show that sin A + 2sin5A + sin9A = 4cos? 2A sin 5A. 
9 If A, B, C are the angles of a triangle, show that 
(i) sin A + sin B + sin C = 4cos$A cos}Bcos$C 
(ii) sin2A + sin2B + sin2C = 4sin Asin Bsin C. 
10 If tan @ = 1/pand tan ¢ = 1/q and pq = 2, show that tan(6 + ¢) = p+q. 
11 Show that 


(a) sin2A + cos2A = 


cos (2P — 2Q) + cos3Q 
sin (2P — 3Q) + sin 3Q 


1+ sin x + cosx 
12 Show that ——_————_ = cot 3x. 
1 + sin x — cosx 


13 Show that sin @ + sin (6 + x) + sin(@ + 2x) + sin(@ + 3x) 
= 4cos (x/2) cos x sin(@ + 3x/2). 
14 Given that sin 2x + sin2B = p, cos2«+cos26 =q, prove that p/q = 
4p sin (a + B) 
t . P Iso that <————— _ = ——__— 
an(a +B). Prove also tha Pgh Pog = coewcesp 
expression for tan «tan B in terms of p and q. [JMB, part] 


(1+ tan A)? —2tan? A 
1+ tan? A 


= cot P. [LU, part] 





(b) 


and deduce an 
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15 Express the function 4cos x — 6sin x in the form R cos(x + a), where R is 
positive and 0 <a < 360°. Hence find the co-ordinates of the point on 
the graph of y=4cosx—6sinx for 0° <x < 360°, where y has its 
minimum value. Sketch the graph. State the values of x where the curve 
crosses the x-axis. [AEB] 

16 Given that sin(150°— 06) =psin0@, show that cot@ = 2p— rv, 3. By 
choosing a suitable value of 0 find cot 75° and using 8 = 135°, find sin 15°, 
giving both your answers in surd form. [JMB] 


17 If sind = emi show that tan (42 — 36) = \/x. 





1+x 
1+sinx—cosx 1+sinx+cosx 2 
1+sinx+cosx 1+sinx—cosx  sinx 


19 If 6 is not a multiple of 2/2, and if x, y, z are given as sums of the 
following infinite series 


18 Show that 





x =1+co0s?6+4+cos*O+... 
y=1+sin?0+sin*6+... 
z = 1 + cos? @sin? 6 + cos* Osin* 6+... 


prove that (i) x + y = xy, (li) x + y +z = xyz. [JMB, part] 
20 Given that tan 30 = 2 evaluate without using tables 
sin 8 + sin 36 + sin 50 
cos 6 + cos 30 +cos 50 BME pat) 
A+1 
21 If sin(a + B) = Asin(a — B) show that tana = 727 an B. 


22 If sina + sinB =p and cosa + cos 8 = q show that 





p+? pP+@ 
23 If a, B, y are all greater than x/2 and less than 2x and sina =3, 


tan B = ,/3, cosy = 1/,/2, find the value of tan(a + 8 + y) in surd form. 
[WIC] 


() sin(at f)=—e ts i) cos(a + 8) = (5 ==) 


24 (i) Express tan 3A and cosec 4A + cot 4A in terms of tan A. 

(ii) If cos 8 + cos 36 = kcos ¢ and sin 8 + sin 30 = ksin ¢, show that cos@ 

= +4k and find the values of tan ¢@ and cos 2¢ in terms of k. 
[LU] 

25 Show that 

. sinxsiny 2tanzxtanzy 

cosx+cosy 1 —tan?4xtan?4y 
cosxcosy — (1 —tan?4x)(1 — tan? 4y) 


cosx+cosy 2(1 — tan? 4xtan?4y) 





26 If @ is an acute angle such that cos 9 = 1 — x, where x is so small that x? 
is negligible compared with unity, prove that cos 20 = 1 — 4x and cos 30 
= 1 — 9x approximately. [LU, part] 

27 Show that tan(B—C)+tan(C— A)+tan(A— B) = tan(B—C)tan(C — A) 
tan (A — B). 

28 Evaluate arcsin (1 /,/5) + arcsin (1 i 10). 
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29 (i) Prove that asin n@ — 2(a — 1) sin(n — 1)@cos 6 + (a — 2)sin(n— 2)0 = 
2sin@cos(n—1)0. a 
(ii) Prove that, if 0<x<1/,/2, 2sin”™'x = sin”? 2x,/(1 — x?). (Note 
sin~!x means ‘the principal value of the inverse sine of x’, and 
‘/(1 — x?) means the positive square root.) State the corresponding 
formula if 1/,\/2<x <1. 
Express 2cos~! x as an inverse cosine, considering all values of x 


between 0 and 1. [SUJB] 
30 Iftan 2¢ — sin2¢ = x and tan 2¢ + sin2¢ = y, show that (i) x/y = tan? ¢, 
(ii) (x? — y?)? = 16xy. [LU] 


31 Prove that 4 arctan § — arctan x45 = 7/4. 

32 Find x if arctan 2x + arctan 3x = 7/4. 

33 Express the functions 6 cos? 6 + 8 sin 6 cos 6 in terms of cos 20 and sin 20. 
Deduce an expression for the function in the form A + 5 cos (20 — a), where 
A and a are constants. Hence write down the greatest and least values 
of the function and find, correct to the nearest minute, one value of 0 
corresponding to each. [JMB] 

34 If sin® + sing = p and cos@ + cos¢ = q prove that 


ee 
(p? + 4”) — 4p? 
2 2 2 2 
(ii) cos 20 + cos 26 = Gary Te? 
p +q 

35 If sinx = asin 0, where a ~ 1, show that x ~ 6+ (a — 1) tan@. 

36 Show that sin3A = 3sin A—4sin? A. Deduce that sin? A + sin? (120° + A) 
+ sin? (240° + A) = —2sin3A. [JMB, part] 

37 If sin?+sinw =a, cos8+cosw=b, and cos@cosw=c, show that 
(a? + b*)(a? + b? — 4c) = 4a?. 

38 Express the function f(@) = sin 6(2 sin@ + cos @) in terms of sin26 and 
cos 29. Hence show that f(@) can be written in the form 1 — Rcos(26 + a), 
where R is positive and «@ is acute. State the values of R and tana. Deduce 
the maximum value of f(@) and the smallest positive value of 6 for which 


(i) tan? + tang = 


this maximum value occurs. [JMB] 
sin2x+sin2y . 
39 If t +y= dt —y)=b, ane any nt 
an(x + y)=a and tan(x — y) express ; — in terms 
of a and b. Show that tan 2y = ant and by using this result, or other- 


wise, obtain an expression for tan(x + 3y) in terms of aand b. [AEB] 
40 Prove that sin(« + f)sin(« — ) = sin? a — sin? B. By using this result or 
otherwise, prove that 
sin(a + 8 + y)sin(B + y — a) sin(y + « — f)sin(a + B —y) 
=(a+b+c\(b+c—a)(c +a—b\(a+b—c) — 4ab*c? 


where a = sina, b = sin B, c = siny. [JMB] 


7 
Trigonometric equations 


7.1 The general expression for angles with a given 
trigonometric ratio 

In this chapter we shall consider equations in which the trigonometric ratios 
of the unknown quantity occur. We shall show that the solution of such 
equations can be reduced to the solution of one or more equations of the 
type sinx = a, cos x = a, or tanx = a, where a is known and x is to be found. 
We first consider these particular equations. 

As an example, consider the equation tan x = 1. One solution is x = 45°, 
but this is not the only solution. From (6.16) 

tan(@ + 180°) = tan@ 

so that 


tan (45° + 180°) = tan 45° = 1 
Thus, x = 225° is also a solution. Again, tan (225° + 180°) = tan 225° = 
tan 45° = 1, so that x = 405° is also a solution. It is clear that we can proceed 


indefinitely in this way and obtain as solutions x = 45°, x = 45° + 180°, 
x = 45°+2 +4 180°, x = 45° + 3 x 180°, etc. From (6.15 and 6.17) 


tan (6 — 180°) = —tan (180° — 6) = tan@ 
so that 
tan (45° — 180°) = 1 tan (45° — 2 x 180°) = 1 
Therefore, x = 45° — 180°, x = 45° — 2 x 180°, x = 45° — 3 x 180°, etc., are 
also solutions. All the solutions above may be expressed in the one form 
x = 45° + n180° 

where n is an integer, either positive, negative or zero. By giving n different 
values, we obtain the different solutions of the equation. 

For the equation tan x = « suppose that 6 is any angle that tan @ = «. (In 
practice, @ is found with the aid of tables of tangents.) Then any angle x = 0 


+ n180°, where n is an integer, will satisfy tanx = tané = a. 
Thus all solutions of the equation tan x = « are of the form 


x = 6+n180° (7.1) 


where n is an integer, positive, negative or zero. 
120 


The general expression for angles with a given trigonometric ratio 121 


























Figure 7.1] 


Reference to the graph y = tanx in Figure 7.] may help to clarify this. 
The horizontal line y = « is drawn on the same scale and intersects the 
tangent curve at points A, A’, B’, A”, B”, etc. 

If the abscissa of A is 0, that of A’ is 6+ 180°, of A”, 0+2 x 180°, etc. 
and that of B’, 6 — 180°, of B”, @—2 x 180°, etc. If the angles are expressed 
in radians, (7.1) assumes the form 


x=O+nn (7.2) 


where n is an integer, positive, negative or zero. 

For the equation cos x = «, we first observe that if « is numerically greater 
than one, no solution will exist. If « is numerically less than one, we proceed 
as follows. Figure 7.2 shows the graph of y = cosx and y = a drawn on the 
same scale. The abscissae of the points of intersection will give the solutions 
of the equation cos x = a. 

If 6 is an angle (the smallest) for which cos 6 = a, the abscissa of A is 0. 
The abscissae of A’, A”, A’”, etc. are 360° — 6, 360° + 0, 2 x 360° — 6, 2 x 360° 
+6, etc. The abscissae of B’, B”, B’”, etc. are — 0, — 360° + 0, — 360° — @, etc. 
These are all particular cases of the formula n360° + 6, where n is an integer. 
Thus, the general solution of the equation cos x = a (= cos 6) is 


x = n360° + 0 (7.3) 


or x =2nn+6 (if angles are measured in radians), where n is an integer, 
positive, negative or zero. 








Figure 7.2 
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We treat the equation sinx = « in the same way. Figure 7.3 shows the 
graph y = sinx and y = a(—1 <a<1). From the graph we see that if sind 
= a (0 is the abscissa of A), the other solutions are given by the abscissae 
of A’, B’, A”, B”, etc., ie. 180° — 6, — 180° — 6, 360° + 6, — 360° + 6, 540° — 8, 
— 540° — 0, etc. These are particular cases of the formula n180° + (—1)"6, 
where n is an integer. 

Thus, if sin @ = a, the general solution of the equation sinx = & is 

x = n180° + (—1)"0 (7.4) 


or x = nt + (— 1)"0 (if angles are measured in radians), where n is an integer, 
positive, negative or zero. 


Example 1_ Find the solutions of the equation sin x = 0-515 which lie in the 
range 0° to 360°. State the general solution. 

From tables, sin 31° = 0.515, hence x = 31° is a solution. Thus by (7.4), 
the general solution is x = n180° + (— 1)"31°. With n = 0 or 1, we obtain the 
solutions in the range 0° to 360°, that is x = 31° or x = 180° — 31° = 149°. 


Example 2 Solve the equation tanx = —,/3, giving the general solution 
and the solutions which lie in the range 0° to 360°. 
From tables, or by (6.23), tan 60° = a 3. Thus by (6.17) 


tan(180 — 6) = —tan@ sothat tan 120° = —,/3 
Therefore, one solution is 6 = 120°. By (7.1) the general solution is 
x = 120° + n180° 
With n= 0 or 1, we obtain solutions in the range 0° to 360°: x = 120° or 
x = 300°. 
Example 3 Find in radians the general solution of the equation 
cos 26 = cos(0 — n/4) 
From (7.3) the general solution is such that 
26 = 2nn + (0 — 17/4) 
where n is an integer. Thus, with the positive sign, we have 
26 = 2nn+ 0-7/4 
0 = 2nn — 7/4 
With the negative sign, we have 
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26 = 2nn—0+4+ 2/4 


Therefore 


where n is an integer. 


Example 4 Solve the equation sin 20 = cos 36, giving the general solution 
and solutions in the range 0° to 360°. 
Since cos 30 = sin (90° — 36) the equation is 


sin 20 = sin (90° — 36) 
so that by (7.4) 
20 = n180° + (—1)"(90° — 36) (where nis an integer) 
Therefore 
62 + 3(—1)"] = n180° + (— 1)"90° 


n180° + (— 1)"90° 
~~ 243(—1)" 
Solutions in the range 0° to 360° are obtained by giving n particular values: 
With n=0 6 = = 18° 
With n = 2 6 = 43° = 90° 
With n= 4 6 = 839 = 162° 
With n= 6 6 = 120 — 234° 
With n = 8 6 = 153° = 306° 
Other positive values of n (including all the odd values) lead to solutions 
outside the range 0° to 360°. 
With n= —1 


(where n is an integer) 


9 - — 180 =a aoe 


but other negative values of n lead to solutions outside the range 0° to 360°. 
The required solutions are thus 18°, 90°, 162°, 234°, 270°, 306°. 
Exercises 7a 


Find the general solutions of the following equations. (Find all solutions in 
the range 0° to 360°.*) 


1 sin x = 0°831 2 cosx = 0:7125 

3 tanx = 2:1155 4 cosx = —0-5577 

5 sinx = —0-4775 6 tanx = —0:300 

7 sin3x = 0.500 8 tan 6x = —1.23 

9 cos $x = ,/3/2 10 cos(2x — 30°) = 0°564 


*It is suggested that, at first reading, only solutions in the range 0° to 360° be considered. 
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11 sin (x + 18°3’) = 0813 12 sin 4x = sin 2x 
13 tan 60 = tan 6 14 cos 3x = —cosx 
15 cos 2x = sin 3x 16 tan 2x = cot 3x 
17 sin 206 cos 30 =0 18 tan 26cot4é =0 


19 (i) cos = —}, (ii) tan 8 = /3 
20 From the result of question 19 find the general value of 8 and the values in 
the range 0° to 360° which satisfy simultaneously tan 6 = ,/3, cos0 = —}. 


7.2 Trigonometric equations involving different ratios of 
the same angle 


Trigonometric equations which involve more than one ratio of the same angle 
are generally solved by obtaining an equation which involves just one trigono- 
metric ratio. This generally calls for the use of some of the identities (6.5) to 
(6.12). The aforementioned equation is then solved for the particular ratio 
involved. This will result in one or more equations of the type considered 
in the previous sections. The following examples will illustrate some of the 
techniques commonly used. 


Example I Find the general solution and all solutions in the range 0° to 
360° of the equation 2cos x — 3sinx = 0. 
We have 2cos x — 3sin x = 0, therefore 


sinx 2 


cosx 3 
provided cos x # 0, which is so for our solutions but we must check this 
point. Therefore 
tan x = 4 = tan 33°41’ (from tables) 
x = 33°41’ + n180° 
Therefore, the solutions in the range 0° to 360° are, with n = 0 and 1, 33°41’ 
and 213°41’. 
Example 2. Find x in the range 0° to 360° if 2 cos? x = 2—sinx. 
Since cos? x = 1 — sin? x, we have 
2—sinx =2—2sin?x (which involves only sin x) 
therefore 
2sin? x — sinx = 0 
sin x(2sin x — 1) = 0* 
which means that 
snx=0 or 2sinx—1=0 ie. sinx =} 
x =0, 180°, 360°,...; n180° 
or 
x = 30°, 150°,...; n180° + (— 1)"30° 
The required solutions are thus 0°, 30°, 150°, 180°, 360°. 


* Note that we do not divide by sin x since we should then lose the solutions which result 
from sin x = 0. 
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Example 3 Find 6@ in the range 0° to 360° if 2sin 20 + 3 cosec 26 = 7. 


We have 2 sin 20 + =a = 7, which involves only sin 20. Therefore 


2sin? 20 —7sin20+3=0 
(2 sin 20 — 1)(sin 20 — 3) =0 
2sin20—1=0 or sin20—3=0 
that is 
sin20=4 or sin20=3 


The second alternative gives no real values for 0. If sin20 = 4, 20 = 30°, 
180° — 30°, 360° + 30°, 540° — 30°, 720° + 30°. Since we require values of 0 
in the range 0° to 360°, we must find all values for 26 in the range 0° to 
720°. From the above, we see that the required values for 0 are 15°, 75°, 
195°, 255°. 


Example 4 Solve for 0, 3sec? 6 = 2tan6 + 4. 
We have 3 sec? 6 — 2tan 6 — 4 = O, therefore 
3(1 + tan? 6) —2tan@ —4=0 (which involves only tan 6) 
3tan?6@—2tand—1=0 
(tan 8 — 1)(3tan@+1)=0 
tand=1 or tanO= —4 
because tan 6 = 1 = tan 45°, then 
0 = 45° + n180° 
From tables, tan@ = —4 = tan(—18° 26’), therefore 


0 = n180° — 18°26’ 


Example 5 Solve for x in the range 0° to 360° 


3cos? x — 3sinxcosx + 2sin?x = 1 


After division by cos? x, we have 


3 —3tanx +2tan?x = sec? x 
(We must check that our solutions do not give cos x = 0.) 


3—3tanx+2tan?x =1+tan?x (which involves only tan x) 
tan?x —3tanx+2=0 
(tan x — 1)(tan x — 2) =0 
tanx=1 or tanx=2 
that is 
x = 45°+n180° or x = 63°26 + n180° 
The required solutions are thus 45°, 225°, 63°26’, 243° 26’. 
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Exercises 7b 


Find the general solution, together with all the solutions in the range 0° to 
360°, of the equations* 


1 2tan?x—3tanx+1=0 

2 7tan? x —3sec?x =9 

3 8sin? 6 —6cos@ = 3 

4 9cos@ = 4sin 0 

5 4cosx = 3tanx + 3secx 

6 3sin? 0 = cos? 0 

7 4cos?0+ S5sin?@ =5 

8 tan xcosecx = 5 

9 cot? x + 2cosec? x = 6 

10 9sin? x + 10sin xcos x — 2cos? x = 1 
11 7sec? 6 = 6tanO+8 

12 2tan 26 + 3 sec 20 = 4cos 20 
13 sin 20(1 + 2cos 26) = 0 

14 6sin 6 = tan 0 

15 3sin 38 — cosec30+2=0 


7.3 Trigonometric equations involving multiple angles 


If the equation for x involves trigonometric ratios of 2x, 3x, etc., we still 
seek an equation involving a single trigonometric ratio of a single angle be 
this x, 2x, 3x, etc. This will generally require us to use the identities of Sections 
6.6 and 6.7. 


Example ]_ Find x if tan2x + 3tanx = 0. 
From (6.34) we have 


2t 
aula +3tanx =0 (which involves only tan x) 
x 


1 — tan 
Therefore 
2tanx + 3tanx — 3tan?x =0 
3tan?x —Stanx =0 
tan x(3 tan? x — 5) =0 
tanx=0 or 3tan?x—5=0 
which give 


tanx=0 or tanx=,/3 or tanx = —,/3 


Thus x = 0°, 180°, — 180°, etc. In general. x = n180° if tan x = 0. 
When tan x = \/3 = 1-291 = tan 52°14’, then 


x = n180° + 52° 14’ 
When tanx = —./3 = —1-291 = tan(—52° 14’), then 
x = n180° — 52°14 
The general solution is thus n180° or n180° + 52°14’. 


*It is suggested that, at first reading, only solutions in the range 0° to 360° be considered. 
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Example 2. Find all values of @ in the range from 0° to 360° for which 
cos 20 — cos —2 = 0. 


We have 2 cos? 6 — 1 — cos 8 — 2 = 0, which involves only cos 0. Therefore 
2cos? @—cosd—3=0 
(2 cos 6 — 3)(cos8+ 1)=0 
2cos8@—3=0 or cos#é+1=0 
cos#= 3 or cosé= —1 


cos 0 = —1 gives @ = 180°; cos 6 = # gives no real solution for 0. 
Example 3 Find @ if sin @ + sin 56 = sin 30. 
We have by (6.50) 
sin 50 + sin 8 = 2sin 3(@ + 56)cos 3(50 — 6) 
= 2sin 30 cos 20 
Therefore, the equation becomes 
2 sin 36.cos 20 = sin 30 
sin 39(2 cos 26 — 1) =0 
sin30=0 or cos20=4 
If sin 30 = 0°, 30 = 0, 180°, 360°, 540°, etc. (in general n180°). If cos 20 = 3, 


26 = +60°, 360° + 60°, 720° + 60° (in general n360° + 60°). Thus, the general 
solution of the equation is 9 = n60° or 6 = n180° + 30°, where n is an integer. 


Example 4 Find all values of x in the range 0° to 360° for which sin 3x sin x 
= 2cos2x + 1. 
By (6.49) 


sin 3x sin x = $[cos(3x — x) — cos(3x + x)] 
Therefore, the equation becomes 
cos 2x — cos 4x = 4cos2x + 2 
cos 4x + 3cos2x +2 =0 
But cos 4x = 2cos? 2x — 1, therefore 
2cos? 2x + 3cos2x +1=0 (which involves only cos 2x) 
(2cos 2x + 1)(cos2x + 1) =0 
2cos2x = —1 or cos2x=-—1 
If cos 2x = —4 = cos 120°, 2x = n360° + 120°, therefore 
x = n180° + 60° 
If cos 2x = —1 = cos 180°, 2x = n360° + 180°, therefore 
x = n180° + 90° 


Thus. the solutions in the range 0° to 360° are 90°. 270°. 60°. 120°. 240°. 300°. 
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Exercise 7c 


Find the general solution, together with all solutions in the range 0° to 360°, 
of the equations* 
1 cos 2x + sin?x = 1 
2 2cos? 6 —3sin20—2=0 
3 2cos20 + 2sin Acos 0 = 1 
4 tan 26 — 1 = 6cot 20 
5 cos@ +cos50 = cos 20 
6 sinx + sin 3x = sin 2x + sin 4x 
7 cos3xcos5x = 1+cosx 
8 2cos3xcosx = cos2x + sin 2x + 1 
9 sin36 = cos 260 —1+sin0 
10 tan 20 tan 46 = 1 


7.4 The equation acos 0 + bsind =c 


Equations of the type acos @ + bsin @ = c, where a, b, c are constants, may 
be solved by first expressing acos 6 + bsin@ in the form Rcos(0 F a) (see 
(6.52)) or Rsin(@ + B) (see (6.51)). If we always write the equation with a 
positive, we need only use the first form. Alternatively, by expressing cos 0 
and sin @ in terms of t = tan46 (see (6.44) and (6.45)), we can obtain an 
equation for tan 340 from which 6 may be found. 


Example 1 Solve the equation 3cos 6—4sin@ = —2°5. 
We have 
3cos 6 — 4sin 8 = ,/(3? + 4”)($cos 6 — $ sin 8) 
= 5(3cos 0 — $sin 6) 
= 5(cos 6 cos a — sin @ sin a) 
(where tana = 4, cf. (6.52)) 
= 5cos(6 + a) 
Now, « = arctan ¥ = 53°8’, therefore 
5 cos (6 + 53°8’) = —2°5 
cos (6 + 53°8’) = —} (=cos 120°) 
8 + 53°8’ = n360° + 120° 
0 = n360° + 66°52’ or 6 =n360° — 173°8' 
If we tackle this problem by the second method, we have with t = tan 40 
3(1—t7) 4.28 
"Tee Raye 
3—3t?—8t = —2:5—2-5t? 
6 — 6t? — 16t = —5— St? 
t?7+16r-—11=0 


*It is suggested that, at first reading, only solutions in the range 0° to 360° be considered. 
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Therefore 
he —16+,/(256+ 44) -—16+,/300 —16+ 17321 
2 2 2 
t=tan30=06605 or —16-6605 
that is 
50 = n180° + 33°26’ or 40 =n180° — 86°34’ 
Thus 6 = n360° + 66° 52’ or 8 = n360° — 173° 8’, as before. 
An alternative method is to proceed as follows. We have 
4sin 0 = 3cos@+ 2:5 
On squaring both sides 
16 sin? 9 = 9cos? 6 + 15cos 0 + 6:25 
64 sin? 6 = 36 cos? 6 + 60cos 6 + 25 
64(1 — cos? 6) = 36 cos? 6 + 60cos 6 + 25 
100 cos? 6 + 60cos 6 — 39 =0 
Therefore 
EGS —60 + ,/(3600 + 15 600) 
200 
—60 + ,/19 200 
200 
_ —6 + 13-856 
20 
that is 
cos 8 = 0:3928 or cos@é = —0-9928 
0 = n360° + 66°52’ or 6 = n360° + 173°8' 
In fact, as is readily verified, only the solutions 
0 = n360° + 66°52’ and 6 = 7360° — 173°8’ 
satisfy the equation 3cos@—4sin@ = —2°5. The two other results are 
solutions of the equation 3cos@+4sin@ = —2:5, equivalent to —4sin6@ 


= 3cos 6 + 2:5 which on squaring gives 16 sin? 0 = 9 cos? 6 + 15cos 6 + 6:25 


as before. 


Thus, if we adopt this method for solving this type of equation, we must 


check our solutions (cf. Section 1.2). 


Exercises 7d 


Find the general solution, together with all solutions in the range 0° to 360°, 


of the equations 

1 2cosé+sin@ = 1 

2 3cosx+4sinx =5 

3 24cosx —7sinx = 12:5 
4 2cos$6 + 3sin$0 = 2 
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5 Scos 2x —sin2x = 2 

6 cosec@ = 3 + 4cot 0 

7 sin 3x —cos3x = 1 

8 Scos 20 — ,/2sin 20 = 3 

9 sin 30 — 4cos 30 = 4 

10 cos@+sin@+1=0 [Write cos@ and sin @ in terms of t = tan3@ and 
notice how part of the solution is lost if this method of solution is 
used. ] 
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1 Find all solutions in the range 0° to 360° of the equations 
(i) sin 26 = 0-8799 
(ii) cos 40 = 0-5659 
(iii) tan 0 = — 1:7699 
(iv) sin 3x = sin 2x 
(v) cos 3x = sin x. 
2 Find all angles in the range 0° to 360° which satisfy (i) tan @ + sec 8 = 2, 
(ii) cos 8 — cos 20 = 5. 
3 Find x if 3sin2x = 7 — 8cos? x. 
4 Find 6 in the range 0° to 360° if 3(cos 20 — 1) = 4sin @ cos? 0. 
5 Find the values of x between 0° and 180° for which (i) sin 3x = sin x, 
(ii) 2cos? x — sin? x = 1, (iii) sin 2x + cosx = 0. 
6 Find the general value of 0 if 3tan?@ — 7sec0+ 5 =0. 
7 If 3cos 6 — 4sin @ — 2 = 0, find all values for 6 which lie in the range 0° 
to 360°. 
8 Find the general solution and all solutions in the range 0° to 360° of the 
equations (i) sin 8 + cos @ = sin 26 + cos 26, (ii) 3(sec 6 — tan 6) = 1. 
9 Solve completely the equation cos 38 = 2 cos 20. [First use (6.36) to express 
cos 30 in terms of cos 6.] [WJC, part] 
10 Solve the following equations, giving all solutions within the range 
0° < x < 360°: 
(i) 2sin? x = 2 + cos 2x 
(ii) 3sin? x = 1 + sin 2x 
(iii) sin(x + 30°) + sin(x + 60°) = cos(x + 45°) + cos(x + 75°). [LU] 
11 Find the general value of x if 3tan?x —Ssecx+1=0. 
12 Solve the following equations for 0° < x < 180°: (i) 6sin? x —cosx = 5, 
(ii) tan 2x + 4cotx = 0. [AEB] 
13 (i) Express tan 2x and tan 3x in terms of tan x, and solve the equation 
tan x + tan 2x + tan 3x = 0. 
(ii) Solve the equation cos x + cos 2x = sin 3x. (In each equation give all 
solutions between 0° and 180° inclusive.) [SUJB] 
14 State and prove a formula for sin A — sin B in terms of the angles 3(A + B) 
and 3(A — B). [You may, if you wish, quote formulae for sin(x + y).] 
Prove that sin 7x cos 2x — sin 5x cos 4x = sin2xcos 3x and obtain a 
similar simplification of the expression sin 7x sin 2x — sin 5x sin 4x. Give 
all the solutions between 0° and 180° of the equation 


sin 7x cos 2x = sin 2x cos 3x ([SUJB] 
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15 Find the values of 6 in the range 0° to 360° which satisfy the equation 
tan 6 — 3 cot @ = 2tan 30. 

16 Solve the equation cos x + cos 5x = cos 3x. 

17 Solve the equations (i) 3sinx — 4cos x = 2, (ii) 24sinx + 7cosx = S. 

18 Find the general solution of the equation tan 2x = 2sinx. [JMB, part] 


in 50 
19 Prove that 4cos 6 cos 36 + 1 = a a" Hence find all the values of 6 in the 





range 0° to 180° inclusive for which cos 6 cos 30 = — 5. [JMB, part] 
20 Solve the simultaneous equations cos A + cos B = 3k and cos AcosB 

= —4k? to find cos A and cos B in terms of k. Find the range of values 

of k for which A and B exist. [AEB] 
21 Find all values of 6 in the range 0° < 6 < 360° for which tan? 6 = 5 + sec 0. 
22 Solve the following equations, giving the general solutions: 


(i) cos2x + 3cosx = —2 
(ii) cos 3x = sin x 
(iii) sin(2x + 30°) cos (2x — 20°) = 3. [SUJB] 
23 Find the range —180°<x< 180° the solutions of the equation 
cos 5x = cos x. [JMB, part] 


24 Given that 5cos 6 + 12sin@ = R cos(6 — a), where R and a are indepen- 
dent of 6 and R is positive, obtain the values of R and a. Hence find 
the values of 6 between —180° and 180° which satisfy the equation 
5 cos @ + 12 sin @ = 3-25, giving the answers to the nearest minute. 

[JMB, part] 

25 Find the complete solution of 16tan x + 6cot x + 17secx = 0. 

26 Solve the equation 5 cos 6 — 12sin@ + 10 = 0. 

27 Solve for x, arctanx + arctan(x — 1) = arctan3 [use (6.56) ]. 

28 Find all angles between 0° and 360° for which 


3 sin 36 + 2cos 26 — sin@ = 2 


29 Find the values of @ in the range 0° to 360° for which 


sin 508 + 2cos 26 + sin@ = 0 
30 Find x if tan™'(2x + 1)—tan~!(2x — 1) = tan” 4. 
31 Find to the nearest minute the values of 6 between 0° and 360° that 


satisfy the equation 4 cos 20 + sin@ = 4sin? 0 + 3. [JMB, part] 
32 Solve the equation 5 sin(x + 60°) — 3 cos(x + 30°) = 4, giving all solutions 
between 0° and 360°. [LU, part] 
33 If sin(a + 6)sin(B + ¢) = sin(a + ¢)sin(@ + 6), prove that either a and B 
or 6 and ¢ differ by a multiple of z. [LU, part] 


34 By putting t = tan@, find the general solution of the equation 
(1 — tan 6)(1 + sin 20) = 1+ tan 


35 The acute angle 6 satisfies the equation sin (20 + a) = <i 3 cos (6 — a). If 
ais zero, show that 6 = 7/3. If cis so small that its square may be neglected 
and 6 = n/3 + A, prove that A is approximately 4a. [JMB, part] 

36 (a) Find two values of 6 between 0° and 180° satisfying the equation 

6sin? 6 = 5 + cos 0. 
(b) Find a value of x between 0 and a satisfying the equation 


sin(x + 2/3) = cos(x — 2/3) [JMB] 
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37 Show that the equation acos 6 a bsin@ = ‘ will have in general two solu- 
tions in the range 0° to 360° if a? + b? > c?. a and f are two roots of the 
equation 8 cos @ — sin € = 4 and both lie in the range 0° to 360°. Form 
the quadratic equations whose roots are sin a and sin B. 

38 If a and B are two unequal values of @ which satisfy the equation acos 0 
+ bsin 8 = c, show that 
(i) sind(a + B)sec4(B — a) = b/c 

c—a 
ii) tan }atan $B =——. 
(i) tan 3atan 5B aaa 
39 Show that the equation 


pcos? x + 2qcosxsinx +rsin?x=s (r#s) 


has a real solution only provided q? > (s — p)(s — r) and that in this case 
there are in general two solutions which are in the range 0° < x < 180°. 
If 6 and @ are these solutions, show that tan(@ + @) = 2q/(p — r). 
40 If t = tan 46, write down expressions for sin@ and cos@ in terms of t. 
Use these to show that the equation 


acos? 6 + bsin? 6 + 2gcos 6 + 2fsind+c=0 


can be written as a quartic equation in t. Write down an expression for 

tan 4(0, + 0, + 63 + 04) in terms of tan46,, tan46,, tan40, and tan}0,. 

Deduce that the sum of the values of 8 which satisfy the equation above 

is an even multiple of z. 

Express cos x + 2 sin x in the form R cos (x — a), where R is positive. Hence 

or otherwise solve the equation cos x + 2sinx = 1:52 for 0 <x < 360°. 
[AEB] 


4 


Ll 


42 Find the range of values of a for which the equation 
cos(x + 90°) + cosx =a 


has real solutions. For the case when a = 0, find all the solutions in the 

interval 0° < x < 360°. Sketch the graph of y =cos(x + 90°) + cos x for 

0° <x < 360°, [JMB] 

43 Express the function cos@ + 2sin@ in the form Rsin(@ + «), where R is 

positive and 0° <a < 360°. Hence, or otherwise, find the values of 6 

between 0° and 360° which satisfy the equation 3cos0@ + 6sin6 = 1. 

[AEB] 

44 (i) Given that 3cosx + 2secx +5 =O, find all the possible values of 
cos x and tan? x. 

(ii) By putting tan (0/2) = t, or otherwise, find the general solution of the 

equation sin@ + 7cos 6 =S, giving your answers to the nearest tenth 


of a degree. [LU] 
45 Prove that cos 30 = 4cos?6 — 3cos 6. Solve the equation cos 36 + 2cos 0 
= 0, giving all solutions between 0 and 2z. [O] 


46 Prove the formulae 





2t 
sin@ = 73 a ak rere 


where t = tan 4. Hence, or otherwise, find in degrees and minutes all 
the angles between 0° and 360° for which 16 sin x — 3cosx + 11 = 0. [C] 
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47 Write down expressions for tan 6 and sec 6 in terms of t, where t = tan 40, 
and show that 


sec 6 + tan @ = tan(45° + 46) 


Find a solution in the interval 0° < 6 < 90° of the equation sec 6 + tan0 


= cot 26. [JMB] 
48 Find the solutions in the range 0° < 6 < 180° of each of the following 
equations: (i) sin 20 = cos 9, (ii) 2cos 20 = 1 + 4cos 8. [JMB] 
49 Given that cos*x + sin*x = %, show, without the use of tables, that 
cos4x = —4. Hence, or otherwise, find all the values of x between 0 and x 
for which cos* x + sin* x = 3. [C] 


50 Show that sin3A = 3sin A — 4sin? A (formulae for sin 2A and cos 2A may 
be quoted). Solve the equation 8 sin? 6 — 6sin@ = 1 for 0< 0 < 360°. 
[AEB] 


8 
The solution of triangles 


8.1. The sine formula 


The usual notation for a triangle is used. A, B, C denote the angles; a, b, c, 
the sides opposite these angles. R is the radius of the circle through the 
points A, B, C, the circumscribed circle, and 2s (= a +b+-c) the perimeter 
of the triangle. 





Figure 8.] 


Let R be the radius and O the centre of the circumcircle of AABC. Draw 
the diameter BOD and join CD. 
In ABDC 


ADCB = 90° (angle in a semicircle) 
LBDC=A or 180°—A (see Figure 8.Ja and b) 


since ABDC is a cyclic quadrilateral. Thus 


BC 
BD = sinA or sin(180° — A) 





BC = BDsinA 
a=2RsinA (BD isa diameter) 
Therefore 
AR 
sin A 
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Similarly 
b Cc 
= R = 
sin B 2 sin C on 
Hence 
a b Cc 


— = —— = —__ = 2R . 
snA sinB’~ sinC (8.1) 


a result generally known as the sine formula. 


8.2 The cosine formula 


In AABC draw a perpendicular AL from A to meet BC, or BC produced 
at L. Consider these two cases separately: 





(a) 
Figure 8.2a Figure 8.2b 
BC = BL+LC BC = BL—LC 
thence thence 
BC =ccosB + bcosC BC = ccos B — bcos(180° — C) 
that is that is 
a=ccosB+bcosC a=ccosB+bcosC 


This result is common to both cases. 
By drawing the perpendiculars from B and C to the opposite sides, two 
similar results can be obtained. Collecting these together we have 


a=bcosC +ccosB 
b=ccosA+acosC (8.2) 
c =acosB+bcosA 


By multiplying these equations by —a, b, c, respectively and adding them 
we obtain 


b? +c? —a* = 2bcecos A 
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which gives 

a? = b* +c? — 2bccosA | 
Similarly 

b? = c?+a*— 2cacosB |, (8.3) 
and 

c? = a* + b? — 2abcosC 


ma 


These results are known as the cosine formula. 
Note that any one of the formulae (8.2) or (8.3) generates the others by a 
cyclic permutation of 


q- Ae 
ole, 


Example I The point P divides the side AB of a triangle ABC internally 
in the ratio m:n. If ACP =a, BCP =8 and BPC = 8, prove that 
mcot a —ncot B = (m+ n)cot 0. 


Cc 


J. 


P 
Figure 8.3 


Referring to Figure 8.3 and using the sine formula for the triangles ACP, 
BCP, we have 





sae = eee hence aad = sing (i) 
sina sinA CP sinA 
aE = Ae hence sd = ang (ii) 
sinB  sinB BP sing 


From (i) and (ii) 


m AP AP CP sina sinB 


n. PB CP PB. sind sinB my 


Also 
96=A+a and #6=180°—B-8 (iv) 


The cosine formula 


Eliminating A and B from (iii) by means of (iv), we have 
m sina _sin(180° — B — 0) 
n sn@—a  singB 
sina  sin(B + 6) 
* sin(@—a)  sinB 
sin a(sin Bcos @ + cos Bsin 6) 
~ sin B(sin 0 cos « — cos @sin a) 
Dividing above and below by sin«sin fsin 0, we obtain 
m cot@é+cotB 
n ~~ cota—coté 
therefore 


mcota—mcot@ = ncot 6 + ncot B 


137 


mcota—ncot B = (m+ n)cot é (8.4) 


Example 2 Given a triangle whose sides are in the ratio 4:5:6, prove, 


without use of tables, that one angle is twice another angle. 


Since the sides are in the ratio 4:5:6, their lengths are 4k, 5k, 6k (a, b, c 


say) where k is a constant. 
Formulae (8.3) can be rewritten 








b? +c? — a? 
A=-—>—___ 
cos The 
with similar results for cos B and cos C. Hence 
id tie 25k? + 36k? — 16k? me: 
~ 60k2 4 
eer 36k? + 16k? — 25k? _ 9 
7 48k ~ 16 
a 16k? + 25k? — 36k? 1 
7 4042 8 


Consider the smallest angle A: 
cos 2A = 2cos? A— 1 


=2@)?-1 
a A 
= 8 
=cosC 
Hence 
2A = 2nn+C 


but since A and C are angles of a triangle, 2A = C is the only solution. 


Example 3 A vertical tower stands on a river bank. From a point on 
other bank directly opposite and at a height h above the water level, 


the 
the 
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angle of elevation of the top of the tower is a and the angle of depression 
of the reflection of the top of the tower is B. (Assume the water is smooth 
and the reflection of any object in the water surface will appear to be as far 
below the surface as the object is above it.) Prove that the height of the top 
of the tower above the water is hsin(« + B)cosec(B — «) and the width of 
the river is 2hcos «cos Bcosec(B — a). 

Refer to Figure 8.4. AB is the tower, O the observer, OP, OQ the horizontal 
and vertical through O. Let x be the height of the tower, and y the width 
of the river. 


AB=AB=x OP=BQ=y 


In AAPO 
AP = POtane 
x—h=ytana (i) 
In AA‘PO 
A’P = POtan B 
xt+h=ytanB (ii) 






Water surface 


Figure 8.4 


Subtracting (i) from (ii) to eliminate x, we obtain 
2h = y(tan B — tana) 


_ fsinB — sing 
~ Y\ cosB COS & 


sin Bcosa — sinacos B 
=o cosacos B 


sin(B — a) 


cosacos B 





whence 


y = 2hcosacos B cosec (B — a) 
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To obtain the height of the tower x, multiply (i) by tan 8, (ii) by tana and 
subtract. Therefore 


x tan B — htan B — x tana —htana =0 
x(tan B — tana) = h(tana + tan B) 


sinB sing) ,/sina sing 
cosB cosa)  \cosa  cosB 


sin B cos « — sinacos B h sin acos B + cosasinB 
x = 
cos acos B cos acos B 


xsin(B — a) = hsin(a + B) 


whence 
x = hsin(a + B)cosec(B — a). 


Exercises 8a 


1 The point P divides the base AB of a triangle ABC in the ratio m:n. If 
LBPC = 48, prove that ncot A — mcot B = (m+ n)cot. 

2 Without using tables prove that there is a triangle whose angles are 
arccos $3, arccos g, arccos (— 4). 

3 The median AD of a triangle ABC makes angles £, y respectively with 
AB, AC and 2 ADB = 8. Show that 2 cot 6 = coty — cot B. If AD = 15m, 
B = 35°, y = 30° find B, C, a as accurately as the tables permit. 

[WJC] 
4 If in any triangle ABC 


cosAcosB+sinAsinBsinC = 1 


prove that A = B = 45°. 

5 In a triangle ABC the angle C is 60°. Show that c? = a? — ab + b?. If 
a, b are the roots of the equation 4x? — 10x + 3 = 0 find the value of c 
and show that the length of the perpendicular from C to AB is (3,/3)/16. 

~~ [JMB] 

6 In the triangle ABC the perpendiculars AL, CN from A, C to the opposite 
sides intersect at H. R is the circumradius and O is the circumcentre of 
the triangle ABC. 

(i) Prove that NA=bcosA, and /NHA=B8, and hence that 
AH = 2Rcos A. 

(ii) Prove that 2 OAH = C — B and hence by using the result in part (i 
and applying the cosine rule to MAOAH, prove that OH 
= R?(1 — 8cos Acos BcosC). 

7 Starting from the sine formula for a triangle ABC or otherwise, prove the 

b—c_ sin}(B—C) 
formula ——— = ——,—— 
a cos 5A 
A, B and C are three towns. C is due south of A, and the bearing of B 

from A is 30° west of south. B is 50 miles from C, and 10 miles nearer to A 

than C. Calculate the bearing of B from C. [SUJB] 

8 In the tetrahedron ABCD the three angles at A are each 60° and AB, 
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AC, AD are of lengths 2, 3, 4cm respectively. Find the angles of the triangle 
BCD. 
a?—b? _ sin(A—B) 
c? sin(A + B) 
10 Where possible solve the following triangles: 
(i) c = 4-13, b = 5-62, LC = 61°23’ 
(ii) ¢ = 5-62, b = 5-62, LC = 67°54’ 
(iii) a = 651, c = 792, LC = 73°22’. 


9 Prove that, in any triangle ABC, 





8.3. The area of a triangle 


In triangle ABC, let AD be the perpendicular from A to BC. Let A denote 
the area of the triangle. Referring to Figure 8.5, we have, since AD = csin B, 


A 
B D Cc 
Figure 8.5 
A = 4BC.AD = Sacsin B (8.5) 


From (8.1) 


= a (8.6) 
4R 
The area of the triangle can be found in terms of the sides alone. From (8.5) 
2ac sin B = 4A 


and from the cosine formulae (8.3) 
2accos B = c? + a? — b? 
On squaring and adding, noting that cos? B + sin? B = 1, we have 
4a’c? = 16A? + (c? + a? — b?/? 
or 
16A? = 4a2c? — (c? + a? — b2)? 
= (2ac — c? — a? + b)(2ac + c? + a? — b?) 
= [b? —(a—c)*][(a +c)? — 67] 
=(—a+b4+c\(b+a—ci(at+tb+c)\(a—b+c) 
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Now if we let a+b+c=2s 
16A? = (2s — 2a)(2s — 2c)(2s)(2s — 2b) 
A? = s(s — a)(s — b)(s — c) 
A = J[s(s — a)(s — b)(s —c)] (8.7) 


This is known as Hero’s formula. 


Example 1 Given that the sides of a triangle are of length a = 3-57 m, 
b = 2-61 m, c = 4-72 m, find its area and the radius of its circumcircle. 





2s =atb+c = 357+ 261 + 4-72 number _ log 
= 10-90 5:45 0:7364 
1:88 0:2742 
therefore 2:84 0-4533 
6 = 5-45 0-73 T8633 
, 13272 
Hence using formula (8.7) 4609. 06636 
A= J[5:45(5-45 — 3-57)(5-45 — 2:61)(5.45 — 4.72)] 
= J(5°45 x 1-88 x 2:84 x 0-73) 
= 4-609 m? 
From (8.6) 
~ abc number log 
4R 357 0-5527 
2-61 0-4166 
Raw 472 0:6739 
4A 1-6432 
eel RS T2 18-436 —-1:2656 
4 x 4-609 2385 03776 


R =2:385 m 


The calculations above could easily be carried out using a pocket 
calculator. 


Exercises 8b 


1 ABC is a triangle with sides of lengths a, b, c opposite A, B, C, respectively. 
P is on the opposite side of BC to A and the triangle BCP is equilateral. 
Show that AP? = a? +c? —accosB+ /3ac sinB. Deduce that AP? 
= $(a? + b? +c?) + 2,/3A, where A is the area of ABC. 

2 The median CC’ of a triangle ABC meets the side AB in the point C’. 
If 6 is the angle AC’C, prove that 

2ccos@ csin@ 1 
ach ele lar sna a MB 
a’ — b? 2A CC’ [MB] 

3 If A is the area and R the radius of the circumcircle of the triangle ABC, 

prove that cos A + cos(B— C) = 2A/aR. 


142 The solution of triangles 


4 If E is the middle point of the side CA of the triangle ABC and if A 
is the area of the triangle, prove that 


2s 2 
cot AEB = —o (LU) 


5 If p,, p2, p3 are the lengths of the altitudes of a triangle and R the radius of its 
circumcircle, prove that (i) 8A? = p,p,p3abc and (ii) A = \/(3Rp,p2p3)- 


8.4 Miscellaneous applications 


We shall end the chapter with some typical examples. 
Example | Show that, in any triangle ABC, 


b— 
tan$(B —C) = , ; cotZA 





Use this formula, rather than the cosine formula (8.3), to solve the triangle 
in which b = 15:32, c = 28-6 and A = 39°52’. 

From the sine formula:(8.1), we have b = 2Rsin B, c = 2RsinC. Hence, 
after cancelling 2R, 


b—c _ sinB—sinC 

b+c sinB+sinC 
_ 2cos 3(B + C) sin (B— C) 
~ 2sin$(B + C)cos4(B— C) 








by (6.50) 


= cot 3(B + C) tan 4(B — C) 
Hence 


z tan5(B + C) 


tan4(B—C) are 





But since 4(B + C) = 90° — $A, this can be rewritten 


tan4(B—C) = as cotZA (8.8) 


Since b = 15-32, c = 28-6, it is better to write the formula as 


tan 3(C — B) = cs cotZA 


Miscellaneous applications 





Hence 
28-6 — 15:32 be 
1 + a Se ees ogg number 
tan }(C — B)= 5354539 cot 19°56 ee 
c cot 19°56’ 
= a cot 19°56’ 
43-92 
= 0:8337 ai 
so that far 
$(C — B) = 39°49’ (i) sin 39° 52’ 
is sin 30°15’ 
3(C + B) =90°-—43A4 — 
= 90° — 19°56’ 
= 70°4’ (ii) 


From (i) and (ii), C = 109°53’, B = 30° 15’. Now 
we bsin A _ 15:32 sin 39° 52’ 
~ sinB sin30°15’ | 
= 19-50 





and the required solution is B = 30°15’, C = 109°53’, a = 19-50. 


log 


1-1232 
0-4405 


15637 
16427 


T-9210 


1-1853 
T-8069 


0-9922 
¥-7022 


1:2900 
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Example 2 A, B are two points on the same level. The distance AB is c. 
The angles of elevation of the top T ofa vertical tower from A and B are « and 
B respectively. If T’, the foot of the tower, is on the same level as A and B then 
LT’AB = yand 2 TBA = 6. Find an expression for the height of the tower 
in terms of c, y, 6 and either a or B. Also prove that sind tana = siny tan B. 





Figure 8.6 


From the triangle ABT’ (Figure 8.6) 
AT’ BT’ AB 
sind siny ~ sinAT'B 
Since the angle AT’B is 180° — y — 6, then 
AT’ BT’ c 
sind siny 3 sin(y + 6) 








(i) 
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From the right-angled triangle AT’T 


TT’ = AT’ tana 
Hence from (i) 
csind tana 
TT’ =——_ ii 
sin(y + 6) (i) 


Similarly, from the right-angled triangle BT’T 
TT’ = BT’ tan B 
Hence from (i) 


_ csiny tan B 
~ sin(y + 6) 


" 


(iii) 
Equating (ii) and (iii) and simplifying 
sind tana = siny tan B 


Example 3 A point Q is in a direction 6° N of E from a point O. P is a 
point between O and Q such that OP = x. R is due north of Q and QR 
subtends angles a and £ at O and P respectively. Prove that 


x sina sin 
OR = Fond 
Refer to Figure 8.7. In AORP 
be oe 
sinORP sina 
but 
LORP = B-a 
hence 
x sin a : 
= mG oo (i) 





Figure 87 
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In APRQ 

QR _ PR 

sinB  sinPQR 
Now 

ZL PQR = 180° — LOQS = 180° — (90° — 6) 
= 90°+ 60 
hence 
PR sin B 


Baars (90° + 6) (it) 


From (i) and (ii) 
x sinasin B 
os sin (B — a) cos 0 


Example 4 ABCD is the square base of a pyramid. The top vertex of the 
pyramid is the point P, vertically above the point E, where AC meets BD. 
If AB = EP = 2a, find: (i) the angle between the edge AP and the base of 
the pyramid; (ii) the angle between the planes ABP and ABCD; (iii) the angle 
between the planes ABP, BCP. 


P 


fl. : 


A L B 
Figure 8.8 
(i) The required angle is / PAE and from AAPE P 
AE = ,/2a (=4AC) and PE=2a 
therefore 
tan PAE = 2a/,/2a = \/2 
LPAE = 54°44’ = 
A V2a E 


Figure 8.9 
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(ii) If L is the mid-point of AB, the required angle is 7 PLE, since PL in 
ABP and EL in ABCD are both perpendicular to AB, the line of intersection 
of the two planes. Therefore, 


tan PLE = 2 P 
LPLE = 63°26’ 


Figure 8.10 


(iii) BP is the line of intersection of the two planes. If AM is the altitude 
from A to PB then CM and AM will both be perpendicular to PB and will lie 
in the planes BCP and ABP respectively. The angle required is 2 AMC. 


AM = MC =,/!2a (from area of AAPB: AM. ./6a = ,/Sa. 2a) 


AC = 2,/2a 
sin AME = \/35 
Therefore M 
LAME = 50°46’ 
LAMC = 101°32’ V30 
@ v20 E vV2a i 
Figure 8.11 


Exercises 8 


1 The sides a, c of a triangle ABC are of length 3 cm and 7 cm respectively, 
and the angle C is 76°. Find the angles A and B and the side b. 
2 Prove that for a triangle of area A 


ab = 2Acosec C a? + b? =c? + 4AcotC 


(You may assume the cosine formula for a triangle.) Find the remaining 

sides of a triangle in which one side is 5 m, the opposite angle is 45°, 

and the area is 15 m?. [LU] 

2./be 

b+e 
For the case b = 123, c = 41:2, A = 40° SO’, find the value of sin 6 and 
hence the value of a. 

4 Two triangles ABC, PBC stand on the same side of the base BC of length 
10 cm. If the angles ABC, PBC, ACB, PCB, are respectively 60°, 45°, 
30°, 60°, calculate the distance AP. 

5 In a triangle ABC, b = 203 mm, c = 158 mm, B = 94° 12’. Calculate the 
values of a, A, C and find the area of the triangle. 


3 If in any triangle ABC, sin @ = 





cos4A, prove that (b + c)cos@ =a. 
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6 If p is the altitude from A to BC of a triangle ABC, prove that 


(b +c)? = a? + 2apcot4A 
(b —c)? = a? — 2aptan}A 


Hence, or otherwise, given a = 80, p = 50, A = 37°, calculate b, c. 
[WJC] 
7 The length of the sides of a cyclic quadrilateral ABCD are given by AB = 3, 
BC = 4, CD = 5, DA = 6, Calculate the angles B and D and the length 
of the diagonal AC. [JMB, part] 
8 A column is h m high. A man is standing at a horizontal distance a m 
from the base of the column, his eye level being at b m. He notices that 
a statue on top of the column subtends an angle @ at his eye. Find the 
height of the statue. 
9 An observer O standing on top ofa hill finds that the angles of depression 
to two points A and B on the same horizontal level are a and f respectively. 
If he is 300 m vertically above AB and the angle AOB is y, find the 
distance AB in terms of «, 8, . 
b 


c 
10 I triangle ABC ing that —— = -—-—_ = —_.,, 

n any triangle assuming tha =A an amc that 
at+tb-—c i ; : : 
———— = tan3Atan4B. Calculate the value of c for the triangle in 
at+bt+c 


which a+ b = 185 mm, A = 72°14’, B = 45° 42’. 

11 In a triangle ABC the angle A is 60°, and the side a is the arithmetic 
mean of the sides b and c. Prove that the triangle is equilateral. 

12 Prove that in any triangle ABC 

(i) a= bcosC +ccosB 
(ii) sind(A — B) =~ - 
(iii) sin? B + sin? C = 1 + cos(B — C) cos A. [JMB] 

13 In a triangle ABC, the lengths of the sides BC, CA, AB, are in the ratio 
8:5:9.A point P istaken on BC such that BP: PC = 1:3. Prove that angle 
ACP = 2 x angle APC. 

14 In the triangle ABC, the sides AB, AC are equal and contain an angle 260. 
The circumscribed circle of the triangle has radius R. Show that the sum 
of the lengths of the perpendiculars from A, B, C to the opposite sides of the 
triangle is 


cos$C 





2R(1 + 4sin 6 — sin? 6 — 4sin? 6) (JMB, part] 
15 The side BC of the triangle ABC is divided internally at a point A, such 
that BA, = s—b, where s = (a + b +c). Show that AyC = s—c. 
Points B, and C, are taken on CA and AB such that CB, = s—c and 
AC, =s-—a respectively. Show that 2 B,A,C, = (B+ C) and prove 
that if A, is the area of the triangle A,B,C, 
A, = 2(s — b)\(s —c)sin}B sin $C cos$A 
Deduce that if A is the area of the triangle ABC 


s?A,? = A*sin Asin Bsin Csin}A sin}Bsin$C [JMB] 
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16 If the area of the triangle ABC is A and 2s =a+b+c, prove that 
s? 


| Hine assume tan3}A = [S252] 
s(s — a) 


17 The medians AD, BE, CF of the triangle ABC meet at G. Prove that 


cot AGF + cot BGD + cot CGE = cot A + cot B+ cot C 


18 A sloping plane bed of rock emerges at ground level in a horizontal 
line AB. At a point C on the same level as AB and such that BC = 1200 m 
and the angle ABC is 60° a vertical shaft CD of depth 300 m is sunk 
reaching the rock at D. Calculate the inclination of the plane of the rock 
to the horizontal. Another vertical shaft is sunk at M, the mid-point of 
BC, and reaches the rock at N. Given that AB is 1000 m calculate the 
inclination of AN to the horizontal. (Give answers to the nearest degree.) 

[JMB] 

19 A plane is inclined at angle a to the horizontal and a line PQ on the 
plane makes an acute angle 6 with PR which is a line of greatest slope on 
the plane. Show that the inclination of PQ to the horizontal is given by 
sin 8 = sinacos B. Show that the angle @ between the vertical plane 
through PQ and the vertical plane through PR is given by cos ¢cos@ 
= cos «cos p. [AEB] 

20 D and E are points dividing the side BC of triangle ABC internally and 
externally in the ratio p:q. If ADC = 6 and AEC = ¢ prove that 
(p + 4)cot 6 = qcot B— pcotC, and write down the corresponding result 
for cot @. Hence prove that 2 DAE = 90° only if p:¢g=c:b. [SUJB] 

21 If A, B, C are the angles of a triangle and the products 


cos2Acos2Bcos2C and _ sin2Asin2Bsin2C 
have given values p, q respectively, prove that 
p—qcot2A =cos?2A 
and deduce that tan 2A, tan 2B, tan2C are the roots of the equation 
(pt—q)(t? + 1)=t 


Show that if p= 4 and q =0, then the angles of the triangle are in 
the ratios 1:3:4. [LU] 

22 In the triangle ABC, AC = 5, BC = 7 and angle CAB is 60°. Prove that 
AB = 8. If D is a point on the circumcircle of the triangle on the side of 
BC away from A, and the angle CBD is 30°, show that sin ABD = 33 
and find AD. [JMB] 

23 Without using tables show that there is a triangle ABC whose angles 
are such that tan}A = j, tan$B = 7%, tan$C = 3. 

24 Establish the sine rule for a triangle. A vertical tower AB stands on top 
of a hill which may be assumed to be a plane inclined at 8° to the 
horizontal. BCD is the line of greatest slope of the hill through B, the 
foot of the tower. The angles of elevation above the horizontal of A from 
C and D are 29° and 20° respectively and the length CD is 125 m. Find 
the height of the tower. [LU] 
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25 R is the radius of the circumcircle of a triangle ABC of area A. Show 
that A =4bcsin A and that R = abc/4A. D is the mid-point of BC and 
P and Q are the feet of the perpendiculars from D to AC and AB 
respectively. Find the area of the triangle DPQ in terms of a, A and R. 
Show that the area of the triangle APQ is 


A 
Tep7e2 30” + c? — a’)(3c? + b? — a?) [LU] 
26 A point P is due south of a wireless mast and the angle of elevation of the 

top of the mast from P is a. A second point Q is due east of P and the 
angle of elevation of the top of the mast from Q is f. The horizontal 
distance between P and Q is c and the vertical height of P above Q is h. 
If x is the height of the top of the mast above P, prove that 


x?(cot? B — cot? a) + 2hx cot? B + h* cot? B — c? = 0 


Calculate the height to the nearest metre when a = 16°, B = 16°,h = 35 m, 

c = 340 m. [JMB] 
27 The base of a pyramid of vertex V is a square ABCD of side 2a. Each 

of the slant edges is of length a,/3. Find 

(i) the angle between a slant face and the base 

(ii) the perpendicular distance of D from the edge VA 

(iii) the angle between two adjacent slant faces. [JMB] 
28 If «+8 +y = 90° prove that 


1 — sin? « — sin? B — sin? y — 2sinasin Bsiny = 0 


A convex quadrilateral ABCD is inscribed in a circle of which DA is a 
diameter. If a= AB, b=BC, c=CA, d=DA, prove that d?— 
(a? + b? + c)d — 2abc = 0. [JMB] 
29 Points P, Q and R are taken on the sides of a triangle ABC (P on BC, 
Q on CA, R on AB) and lines are drawn through these points at right 
angles to the sides on which they lie. Prove that they will be concurrent if 


BP? — PC? + CQ? — QA? + AR? — RB? = 0 


Hence or otherwise, prove that the altitudes of any triangle are concurrent. 
If the altitudes of the triangle ABC are AD, BE, and CF and if A’, B’, 
and C’ are the mid-points of BC, CA and AB respectively, prove that 
A’'D.BC + B’E.CA + C’F.AB = 0, where the products are counted plus 
or minus according to the directions indicated by the order of the letters. 
([SUJB] 
30 From a mountain peak P, 2000 m above sea level, observations are taken 
of two further peaks, A and B. The horizontal distance of A from P is 
3 km, its angle of elevation from P is 10°, and its bearing from P is N 20°E. 
The horizontal distance of B from P is 1 km, its angle of depression from 
P is 15°, and its bearing from P is N 80° E. Find 
(i) the horizontal distance of A from B 
(ii) the heights of A and B above sea level 
(iii) the angle of elevation of A from B. 
31 A tent covers a rectangular piece of ground of length / and breadth b. Each 
of the long sides of the tent is a trapezium inclined at « to the ground 
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32 


33 


34 


and each of its ends is an isosceles triangle inclined at B to the ground. 
Prove that 

(i) the height of the tent is $b tan 

(ii) the length of the top edge is !— btanacot B 

Find the total area of the tent. [JMB] 
The lengths of the sides AB, BC, CD, DA, of a quadrilateral ABCD are 
a, b, c, d respectively. The lengths of the diagonals AC, BD are x, y 
respectively. The sides AB, DC produced meet at an angle 0. Prove 
that b? + d? = x? + y? — 2accos9@. 

Further if P, Q, R, S, are the mid-points of the sides in the above order 

and if p = PR, q = QS, prove that p* — q? = bdcos¢ — ac cos 8, where 
is the angle of intersection of the sides BC, AD produced. 
From a point on the side of a football field at a distance 2h from the 
corner flag the angle between the directions to the goal posts at the same 
end as the flag is a. Denoting the angle between the directions to the 
nearest post and the flag by 0, show that 


2 d d = 
tan? 6+ 5p tan 8 + 1 ay cot =0 
where d is the distance between the posts. If, when the distance 2h is 
changed to h, the angle « changes to 2a, determine d in terms of h and 
tan a. [JMB] 
A long square peg with cross-section of side a and with flat ends 
perpendicular to its axis is placed in a round cylindrical hole of diameter 
d(>a,/2) and uniform depth h. The peg rests with its axis making an 
angle 0 with the axis of the hole. The edge CD of the end face ABCD of 
the peg rests on the bottom of the hole, and the corners A and B are in 
contact with the wall of the hole. Also the long edges through C and D 
rest against the upper rim of the hole. 
Show that the depth of the hole is given by the equation 


htan @ = ,/(d? — a”) — acos6 [JMB] 


35 Two vertical cliff faces are at right angles and intersect in the line AOB, 


37 


with B above A. A thin plane stratum of rock passes through O and 
intersects the cliff face in lines OL and OM respectively, each of which 
makes an acute angle 6 with OB. Prove that 
(i) the angle between the two lines of intersection is cos~ ! (cos? 6) 
(ii) the angle of inclination of the stratum to the horizontal is 
tan” '(,/2cot 6). [JMB] 
P is a point so that PA is 6 m and PA is perpendicular to the horizontal 
plane of a triangle ABC. When BC is 5 m and the angles of elevation of 
P from B and C are tan” '1 and tan~'$§ respectively, find the angle 
between the planes PBC and ABC. [AEB] 
One face of a cube is ABCD, and the opposite face is A’B’C’'D’, the lettering 
being such that AA’, BB’, CC’, DD’ are edges of the cube. Find (in the form 
sin~ 1 x,cos~‘ x or tan! x) the angle between (i) the diagonal AC’ and the 
face ABCD, (ii) the diagonal AC’ and the plane BDD’B’. [O] 
In the triangle ABC, the sides AB and AC are of lengths 2k and 3k 
respectively. The point P on the side AB at a distance x from A is joined 
to the point Q on the side AC at a distance y from A. If x and y vary 
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in such a way that the area of the triangle APQ is always equal to half 
the area of the triangle ABC, show that y = 3k?/x. State the range of 
possible values of x. Find, in terms of k, the minimum value of x + y. 
[JMB] 
39 The points A, B, C lie on a circle centre O. Given that AB = 11 m, 
BC = 13 m, CA = 20m, find the angles AOB, BOC, COA to the nearest 
tenth of a degree and the radius of the circle to the nearest tenth of a 
metre. (LU] 
40 Points A, B and C are equally spaced on the circumference of a horizontal 
circle of radius 2 cm. Points P, Q and R are at heights 6 cm, 4 cm and 
2 cm vertically above A, B and C respectively. Calculate the areas of the 
triangles ABC and PQR. Deduce that the angle between the plane PQR 
and the plane ABC is cos~' ./$. The line PQ produced meets the plane 
ABC at the point S and the line PR produced meets the plane ABC at 
the point T. Calculate the length of ST. [AEB] 


9 
The fundamental ideas of the differential calculus 


9.1 Functions 


The calculus has at its foundations the notion that the value of one quantity 
depends on the value of another quantity. For example, the area A square 
units of a circle is related to the length r units of its radius by the formula 
A = nr’. A temperature, F, measured in degrees Fahrenheit is related to the 
same temperature when measured in degrees Celsius, C, by the relationship 
F = 32 + 3C. The volume, », of a given mass of gas is related to the pressure, 
p, of the gas and under certain conditions the relationship may take the form 
v = 60/p. Readers will probably be able to think of other examples to add 
to the three given. 

These examples tead us to the idea of a function. When the value of one 
quantity, say y, depends on the value of another quantity, say x, and to 
every possible value of x there corresponds one and only one value of y we 
say that y is a function of x. In the above examples, A is a function of r, F 
is a function of C, v is a function of p. 

In the above examples, the quantities have been linked by a mathematical 
formula. This will often be the case but it is not essential. At a particular 
location, the wind speed may be measured using an anemometer, and on a 
given day the wind speed will vary with the time of day. It will almost 
certainly be impossible to find a mathematical formula connecting the two 
quantities, but since at any particular time there will be just one value for the 
wind speed, we can still say that wind speed is a function of time. 

Unless we are dealing with a particular example, we shall generally use 
the symbols y and x to denote the two related quantities. The statement ‘y 
is a function of x’ is expressed mathematically by writing 


y = f(x) (9.1) 


The ‘f’ is used to indicate dependence on the bracketed quantity (x). Other 
letters can be used to distinguish between different functions, some commonly 
used symbols being F(x), @(x), g(x). 

As the value of x varies, the value of y varies in a way determined by the 
particular function. The value of y depends on the value of x. For this reason, 
y is called the dependent variable; x is called the independent variable. The 
value of y when x has the value 2, say, is denoted by f(2), and in general 
when x has the value a the value of y or f(x) is denoted by f(a). If f(x) is 
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expressible as some formula involving x, these values can be calculated by 
substitution into this formula. 


Example 1 If f(x) = x? — 3x, evaluate f(2), f(3), f(—5), f(a), £(0). 


f(2)=22?-3x2=-2  £(3)=3?-3x3=0* 
f(—5) =(—5)2?-3x(-5)=40 f(a) =a? —3a 
f(0) =0-0=0* 


* Note that the values of f(x) are not necessarily all different; the important 
point is that any one value of x gives only one value of f(x). 

The possible values for x constitute the domain of the function. The cor- 
responding values for y constitute the co-domain of the function. 

If the variables involved relate to physical quantities, the domain and co- 
domain will often be determined by physical considerations. For example 
A = nr’, the domain is the set of positive real numbers: r can be any positive 
real number and A is also a positive real number. For F = 32 + 3C, since 
the lowest possible temperature (the so-called absolute zero) is —273 °C, the 
domain consists of the values of C which are not less than —273. We can 
write F = g(C) say, where g(C) = 32+3C. Since g(—273) = — 459-4, the 
co-domain consists of values of F which are not less than — 459-4. 

If we think of the function y = x? without attaching any physical signi- 
ficance to the relationship, but merely regarding it as a rule by which we 
can obtain a value y corresponding to any value x, then the domain consists 
of all the real numbers. However, the co-domain is restricted to positive real 


F 1 
numbers. For the function y = yo we see that x can take any value except 
x — 


the value 3. There is no way of finding the value of y corresponding to a 
value of x = 3. A function f(x) is said to be defined for a certain value a, of 
x, if a definite value of f(a) corresponds to this value of x. 


Example 2 For what values of x are the following functions defined? What 
are their domains and co-domains? (i) f(x) = 2x — 5, (ii) f(x) = >: 
x — 
(i) y = f(x) = 2x —5 is defined for every value of x since to any value of 
x we obtain one value for y. The domain is all the real numbers. The co-domain 
is all the real numbers. 





(ii) y= : 5 is defined for all values of x except x = 2 since, if we try to 


x _— 
evaluate y when x = 2, we obtain Fi which is meaningless since division by 
zero is not a valid operation. The domain is the real numbers except x = 2, 
the co-domain is the real numbers except y = 0 since no value of x makes 
y zero. 


. 60 : 
The function v = — can be thought of as expressing the volume of a 
certain mass of gas as a function of the pressure of the gas. From this we 


: : : é : 60 : . 
can easily obtain the inverse relationship p = cz and we see that, in this 
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case, this relationship expresses p as a function of v. Similarly from 


F = 32+3C 
we obtain the inverse relationship 
C =F — 32) 


which expresses C as a function of F. 
However, for the function y = x?, the inverse relationship gives 


x=+/y 


and corresponding to a given value of y (this must be positive) there does not 
correspond a unique value for x. 

Thus we have to think of the inverse relationship in terms of the two 
functions 


x=+t/y  (y20) 
x=- Jy (y20) 


Of course, for the first example we considered 


A=nr? 


ff 
r= |[— 
v3 


since r must be positive on physical considerations. 


Example 3 For the following functions find the inverse relationship. Is this 

1 i 

relationship a function? (i) y = 2x + 5, (ii) y = Par (iii) T = 7 

(i) If y = 2x +5, then x = 3(y — 5) and this defines a function. Its domain 

consists of all real values for y and its co-domain consists of all the real 
numbers. 


(ii) If y= —> then x = 2 + This defines x as a function of y. The 
domain consists of all the real numbers except y = 0; the co-domain of all 
the real numbers except x = 2. 

(iii) If T= VJ(I/2), then | = 2T? and this defines | as a function of T. The 
domain consists of the positive real numbers for 7, the co-domain of the 
positive real numbers for 1. 

If the functional relationship between y and x is expressed by a formula 
giving y in terms of x, we say that y is an explicit function of x. The functions 
just considered, y = 2x + 5, y = 1/(x — 2), T= PY (i/2) are all explicit functions. 
It may be that the relationship between the quantities y and x is expressed 
by means of an equation; for example, 3y + 4x — 5 =0 or x3 + y? = 27. In 
this situation, if for each possible value of x there is a unique value of y, we 
say that y is an implicit function of x. It is, in fact, possible to express y as an 
explicit function in both these cases. Thus, for the first example, y = 4(5 — 4x); 
and for the second example, y = ./(27 — x3). This will not always be possible. 
If y> + xy + x? = 3 is the equation which defines y as an implicit function 
of x, then to express y explicitly in terms of x we need to solve the quintic 
equation y* + xy + x? — 3 = 0, and this is not possible for a general value of x. 
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Example 4 Express y as an explicit function of x if (i) xy =3, 
(ii) 2x — 3y + 2 =O, (iii) x? + y? = 4. 


(i) xy =3 therefore y = 3/x 
(ii) 2x —-3y+2=0 therefore y = 3(2x + 2) 
(iii) x7 ++ y? =4 therefore y? = 4 — x? 
y= + /(4-x’) 


and this relationship does not give a unique value for y. This is yet another 
case where we have to think in terms of two functions. 
In the first, 


y = u(x) = /(4—- x?) 


The domain consists of values of x in the range —2 < x < 2; the co-domain 
consists of values of y in the range O< y <2. 
In the second, 


y= v(x) = —J(4— x?) 


The domain consists of values of x in the range —2 < x < 2; the co-domain 
consists of values of y in the range —2<y <0. 


Exercises 9a 


1 A rectangular enclosure is made using 100 m of fencing. The fencing is used 
on three sides only, the fourth side consisting of a stone wall. If the length 
of wall used for the enclosure is x m, find the area of the enclosure A m? as 
a function of x. 

2 A cylindrical can, open at one end, is constructed so that its combined 
length and girth is 20 cm. If the height of the can is h cm, express the 
volume of the can as a function of h. If the radius of the can is r cm, express 
the surface area of the can as a function of r. 

3 In triangle ABC, AB = AC = 10 cm. If L ABC = x’, express the height 
of the altitude from A to BC as a function of x. 

4 A piece of wire of length 20 cm is bent into the shape of an isosceles triangle. 
If the length of one of the equal sides of the triangle is x cm, express the 
height of the triangle h cm as a function of x. What is the domain for this 
function? What is the co-domain? 

§ Ifthe piece of wire in question 4 is bent into the form of a sector of a circle 
of radius r cm and the bounding radii, find the angle 0 of this sector, 
measured in radians, as a function of r. 

6 f(x) = x3 — 3x. Evaluate f(1), f(2), f(— 1). What is the domain? What is 
the co-domain? 

7 o(x) = x? — 5x + 6. Evaluate (0), #(1). For what values of x is p(x) = 0? 


1 
8 Gy) = ee Evaluate G(0). What is (i) the domain, (ii) the co-domain? 


9 F(6) =cos 6 — sin @. Evaluate F (0), F (z/2). For what values of 0 is F (6) = 0? 
If the domain is the values of 0 for which —2x <6 < 2z, find the co- 
domain. 

10 For what values of x is the function $(x) = 2x/(x — 1)(x — 2) defined? 
11 For what values of x is the function (x — 3)(x ~ 7) negative? For what 
values of x is the function \/[(x — 3)(x — 7)] defined? 
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12 Find x as a function of y if (i) y= » (i) y = 7x + 3, 


1 

2x —1 
(iii) y = sin(x + 4n), (iv) y = x?. 

13 Define y as an explicit function of x (if possible) when (i) xy + 4y = x?, 
(ii) x + y+ y? = x?, (iii) x5 + pS + xy = 3. 

14 The relationship between y and x is defined implicitly by (i) xy + y = 2, 
(ii) xy? + y+ + 1 =0. Evaluate y when x = 1 and when x = 2 (if possible) 
in each case. 

15 The relationship between y and x is defined implicitly by x? + y? = 25. 
Find y when (i) x = 3, (ii) x = 4. 


9.2 Graphical representation of a function 


It is very helpful to represent the variation of a function by drawing its graph. 
The graph of the function y = x?, with which readers are probably familiar, 
is shown in Figure 9.1. 


Figure 9.1] 


The graph of the function y = x? is a smooth continuous curve over the 
range of values of x for which the function is defined (in this case for all 
values of x). We say that the function y = x? is a continuous function of x. 

Figure 9.2 shows the graph of the function y = 1/x. There is a break in 
the curve when x = 0. Indeed, the function is not defined when x = 0. The 
graph is discontinuous at this point, and we apply this same description, 
discontinuous, to the function at this point. The function is, of course, 
continuous for any range of values of x which does not include zero. 

The word ‘smooth’ was applied to the curve in Figure 9./. However, 





Figure 9.2 
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Figure 9.3 


continuity does not necessarily imply a smooth curve. Consider the following 
function of x defined as ‘y is the positive number having the same magnitude 
as x’ (ie. y = |x|, the modulus of x; see Section 1.4). This function may be 
expressed in the form y = x if x 20, y = —x if x <0. Its graph is shown 
in Figure 9.3. The graph is not smooth near the point on it where x = 0, 
but it is continuous. 

For the function y = x? we have seen that there are two possible inverse 
functions. In the first, x = ,/y. In the second, x = —,/y. The graphs of both 
these functions are shown in Figure 9.4. The first is shown with a solid line, 
the second with a broken line. It is interesting to compare the complete 
Figure 9.4 with Figure 9.1. 





Figure 9.4 


For the implicit relationship x? + y? = 4, we have seen that there are two 
possible explicit functions: 
y = u(x) = (4 — x?) 
y = v(x) = — (4 - x?) 
The graphs of these are shown in Figure 9.5. One, u(x), gives the upper half 


of the circle centre O and radius 2; the other, v(x), the lower half of the same 
circle. 


9.3 The rate of change of a function 


If y is a function of x, as x changes y will in general change. We relate the 
change in y to the corresponding change in x by defining the average rate 
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Figure 9.5 


of change of the function to be the change in the function divided by the 
corresponding change in x. If x, and x, are two values of x, and the 
corresponding values of y are y, and y,, then the average rate of change 
of the function as x changes from x, to x, is 


y2—\1 


(9.2) 
X_—Xy 


Example! Find an expression for the average rate of change of the functions 
(i) y = 2x +5, (ii) y = x? in the interval x, to x3. 
(i) By (9.2), the average rate of change for y = 2x + 5 is 
(2x. + 5) — (2x, + 5) _ 202 —*1) _ 


= 2 
Xy—-Xy X2— MX 
We notice that this is the same for each interval x, to x2. 
(ii) By (9.2) the average rate of change for y = x? is 
X22 — xy? _ (2 — XaN2 + 1) 


aes =X, +X2 
X2—Xy X2—X1 





which is different for different intervals. 

If we represent the function graphically, the average rate of change of the 
function in the interval x, to x, may be interpreted geometrically as being 
the gradient of the chord joining the points on the graph with abscissae 
x, and x. For the function y= 2x+5, the graph is a straight line 
(Figure 9.6a) and the gradient of any chord is always 2. = = aa = 2. 
But for the graph of y = x? (Figure 9.6b), the gradient of the chord PQ is 
different from the gradient of P’Q’, etc. 

A practical application of this idea arises in connection with space-time 
graphs. Suppose a body moves so that the distance s travelled after time t 
is s = f(t). Then the average rate of change of s as t changes from f, to f2, 
(s, — s,)/(tz —t,), is just the average speed of the body in the interval t, to 
t, and is the gradient of the appropriate chord on the space-time graph. 

Expression(9.2) expresses algebraically the gradient of the chord joining the 
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Figure 9.6 


points with abscissae x, and x, on the graph of y = f(x). Can the gradient 
of the tangent to the curve be given a similar algebraic interpretation? 
Geometrically, we feel no difficulty in drawing the tangent to a curve at a 
particular point, but in order to interpret this process algebraically we need 
to consider it in some detail. 

Suppose we consider the de‘inite problem of finding the gradient of the 
tangent at the point with abscissa 1 on the curve y = x*. The gradient of the 
chord joining the points on this curve with abscissae 1 and x, is, from the result 
of Example 1(ii), equal to 1 + x. Consider the chords PQ, PQ,, PQ,, PQ3;, 
where P has abscissa | and Q, Q,, Q, and Q, have abscissae 1-5, 1-1, 1-01, 
1-000 01. These chords (produced) are approaching nearer and nearer to being 
the tangent to the curve at P (Figure 9.7 shows the curve in the region of 
P). Indeed, we can imagine that, as we try to draw the tangent at P, we rotate 
our ruler through the positions of these chords before finally drawing the 
tangent at P. 


AA 
Q3 
Figure 9.7 


Geometrically, as Q approaches P, so PQ approaches the position of the 
tangent at P. Algebraically, the gradient of the chord is 1 + x, (x. the abscissa 
of Q) and as x, gets nearer and nearer to the value 1, this expression will 
approach nearer and nearer to the gradient of the tangent at P. The gradients 
of the chords PQ, PQ,, PQ;, PQ; are 2:5, 2:1, 201 and 2:00001. These are 
approaching the value 2, which we say is the gradient of the tangent at P. 

Quite generally, the gradient of the chord joining the points R and S with 
abscissae x, and x, on the curve y = x?, is x, + x2. If we allow the abscissa 
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of S to approach the abscissa of R, the chord RS approaches nearer and nearer 
to being the tangent at R. Algebraically, the expression x, + x, takes values 
closer and closer to the value 2x, as x, takes values closer and closer to 
the value x,, and so the gradient of the tangent to the curve y = x? at the 
point with abscissa x, is 2x,. 

The same procedure enables us to find the gradient of the tangent at the 
point with abscissa x, on the graph of the function y = f(x). The gradient 
y2—)i 

27% 
This expression will depend on x, and x, and on the particular function f(x) 
being considered. As x, takes values which approach x,, so the chord 
approaches the tangent at the point with abscissa x,. The gradient of this 
tangent is then the value approached by (y2 — y,)/(x2 — x,) as x, takes values 
nearer and nearer to x. 

An immediate application of the gradient of the tangent occurs in connec- 
tion with space-time graphs. Just as the gradient of a chord on such a graph 
represents the average speed in a certain time interval, so the gradient of 
the tangent represents the speed at a particular instant. 


of the chord joining the two points with abscissae x, and x, is 


Example 2 Find the gradient of the chord joining the points with abscissae 
2 and x, on the curves (i) y = 1/x and (ii) y = 3/x?. What is the gradient 
of the tangents at the points with abscissa 2 on these two curves? 
(i) By (9.2), the gradient of the chord of y = 1/x is 
1 1 
X, 2 2-x,  —l 
xX,—2 ~ 2x(x2—2) 2x, 





—1 
As x2 approaches the value 2, —1/2x, approaches the value ane Ng 





a 
which is the gradient of the tangent as required. 
(ii) By (9.2), the chord of y = 3/x? has gradient 
3. 3 
x2? 4 3(4—x,?) 
Xeao > 4x2) 
3(2 — x3)(2 + x2) 
~ 4x, 2(%9 — 2) 
— 3(2 + x2) 
= ae 
As x2 approaches the value 2, a approaches the value a = a 


which is the gradient of the tangent as required. 


Example 3 The distance s m of a particle (which moves along a fixed line 


X’OX) from the point O, after time t sec, is given by s= +o. 


Find its speed after 1 sec. 
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The average speed of the particle in the time interval 1 to t sec is given 
by 











en oe a 
t+ i+i/ t-1 t+! 2 
t 


t—1 = et 
aie soared 
Ot + 1)(t — 1) 
1 
Syst 
FT iia 


As t approaches 1, this approaches the value 


The speed of the particle after 1 sec is thus } m/sec. 


Exercises 9b 


1 Plot the graph of the function A = f(x) obtained in question 1 of Exercise 
9a. From your graph determine the value of x which maximises A. What 
is the maximum value of A? 

2 Plot the graphs of the functions y = 2x? — 4x — 3 and y = x —5 on the 
same scale. Hence solve the equation 2x? — 5x + 2 = 0. Verify the correct- 
ness of your solutions. 

3 Plot on the same scale the graphs of the functions y = tanx and y = 1/x. 
Hence find an acute angle x so that x tan x = 1 (x measured in radians). 

4 Find the gradient of the chord joining the points with abscissae 3 and 
x, on the curve y = x? + 5x. What is the gradient of the tangent to the 
curve at the point with abscissa 3? 

5 A particle moves so that the distance s m travelled after t sec is given 
by s=t?+5t. Find the average speed of the particle during the 4th 
second and its speed after 3 sec. 

6 Find the gradient of the chord joining the points with abscissae 1 and 
x, on the curve y = (x + 1)”. Find the gradient of the tangent to the curve 
at the point with abscissa 1. 

7 Find the gradient of the tangent at the point with abscissa 1 on the curve 
y = 3(x + 1)? — Ax + 1). 

8 Verify by multiplication that x,> — x,? = (x2 —x,)(x2? + x1x2 + x1). 
Hence show that the gradient of the chord joining the two points with 
abscissae x, and x, on the curve y = x? is x.? + x,x, + x,7. What is the 
gradient of the chord joining the two points with abscissae x, = 1 and 
X2 = (i) 2, (ii) 1-1, (iii) 1-01, (iv) 1-000 01? What is the gradient of the tangent 
to the curve at the point with abscissa (i) 1, (ii) x? 

9 Show that the gradient of the chord joining the points with abscissae x, 
and x, on the curve y = 1/x is —1/x,x,. Deduce the gradient of the 
tangent at the point with abscissa (i) 1, (ii) x. 
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10 A particle is dropped from the top of a tall tower. The distance s cm 
fallen after t sec is given by s = 500t?. Find its approximate speed after 
1 sec and after it has fallen 20 m. 


9.4 Limits and limit notation 


We have just seen that the gradient of the tangent at the point with abscissa 

x, on the curve y = f(x) is the value approached by (y, — y,)/(x, — x,) as x2 

takes values closer and closer to x,. A notation has been developed which 

enables us to avoid rather cumbersome expressions like ‘x, takes values closer 

and closer to x,’. This we write as x, > x,. The value approached by cee 
‘ X2— X41 

as x, tends to x, is called the limiting value or the limit of this expression. 

This we abbreviate to 

. f(x.) — f(x 
or tim £22) — fea) 
x27x,%2— X41 X27X1 X2—Xy 





) bse A that is 
27X41 


which is read as the limit of (or the value approached by 


f(x.) — f(x oe : 
see as x, gets nearer and nearer to x, and this is the gradient of 
27° 41 


the tangent at the point with abscissa x. 

It is convenient to use the values x and x + 6x for the abscissae of the 
end points of a chord instead of x, and x. The symbol 6x (delta x) represents 
the change or the increment in x and 6x +0 is equivalent to x, — x,. (Note: 
6x is one symbol. It is not x multiplied by some quantity 6.) In the same 
way, we use y and y + dy instead of y, and y,, where dy represents the change 
or increment in y. The gradient of the chord joining the points with co- 
ordinates (x, y), (x + dx, y + dy), i.e. the average rate of change of the function, 
is then 


yt+toy—y f(x+6x)-f(x) dy 


x+6x—x Ox ~ bx. G4) 
and the gradient of the tangent at the point with abscissa x is 
- . 6 
lim f(x + dx) — fo) = lim oY. (9.5) 
6x0 6x 3x+0 OX 


The limiting value of dy/dx is called the differential coefficient of y with 
respect to x and is denoted by the one symbol dy/dx. The process of finding 
this limiting value is called differentiation. The form of (9.5) will depend on 
the function f(x) and for this reason the differential coefficient of y with respect 
to x is sometimes called the derived function or the derivative of f(x) and 
may be written 


AUN] or (9) 
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Thus we have the following equivalent expressions 


dy d pny ur, FO + 6x) — f(x) 
at as [f(x)] = f(x) = ah a: 
. oy 
= lim — (9.6) 
5x0 OX 


f'(x) represents the rate of change of the function f(x) at the value x or 
the gradient of the tangent to the curve y = f(x) at the point with abscissa x. 
The gradient of the tangent at the point with abscissa a is f’(a) and is best 
obtained by substituting x = a in f‘(x). It can, of course, be calculated by 
evaluating 


. f(a + dx) — f(a) 
lim —— 


6x0 ox 


Example 1 Find the derivative of the function y = 3x? and the gradient of 
the tangent to the curve y = 3x? at the point with abscissa 3. 


3(x + 5x)? — 3x? 


f'(x) = Haste 3x 
_ 6xdx + 3(6x)? 
= lim ——————— 
6x0 bx 
= lim (6x + 36x) 
6x0 
Therefore 
f'(x) = 6x 


Thus the gradient of the tangent at the point with abscissa 3 is just 
f'(3)=6x3= 18 
This could have been calculated by evaluating 


_  3(3 + dx)? — 3.3? 
lim. ———_———_— 
6x70 bx 


However, exactly the same algebra would be used to evaluate this limit as 
in the general case and it is clear that once we have f‘(x) = 6x, the rate of 
change of the function or the gradient of the tangent for any value of x is 
easily obtained without considering the limiting process again. 

It can happen that the derivative of a function, although it is defined to 
the right or to the left of a particular point, is not defined at the point itself. 
The function y = f(x) = |x|, whose graph was shown in Figure 9.3, is an 
example of this. For values of x < 0, f(x) = —1; for values of x > 0, f(x) = 1; 
and for x = 0, f’(x) does not exist. 

The difficulty is fairly obvious geometrically. To the left of the value x = 0, 
the graph has gradient —1, and to the right its gradient is +1, but at the 
point where x = 0 the situation is ambiguous. In the case of the definition 
in terms of limits 
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lim hoe) exists and equals —1 


6x70 


from the left 


This limit is often written 


The limit from the right 


= 41 


f(dx) — f(0) 
m — 
éx70+ OO. 


It is not possible, however, to discuss 
. f(dx) — f(0) 
lim ————— 


6x0 Ox 


since, as 0x approaches zero, we obtain one of the numbers —1 or +1 
according as 6x is just less than or just greater than zero. The derivative 
f'(x) is in this case discontinuous at the point with abscissa x = 0, although 
as we have already mentioned f(x) itself is continuous at this point. The graph 
of f(x) is shown in Figure 9.8. There is no value of f(x) when x = 0, not a 
possible two. 





Figure 9.8 


9.5 The calculation of the derivative for some common functions 


The process of calculating the derivative or differential coefficient is called 
differentiation. More specifically, the process of calculating the derivative 
directly from (9.6) is called differentiation from first principles. The need for 
this phrase may puzzle readers. For the time being, we remark that in the 
next chapter we shall develop techniques which enable us to differentiate a 
function without having to deal directly with the expression (9.6). We shall, 
however, need certain standard results, three of which we shall derive now. 


The derivative of ax", where a is a constant and n is a positive integer 
If y = ax" 
y + dy = a(x + 6x)" 
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which by the binomial theorem 


= 4* + nx" 16x + mo x" (6x)? +... + ox" 


therefore, by subtraction, 


dy =anx"”* 6x + an =D 0-316) +... +.a(5x)" 
therefore 
an(n — 1) 


oY = anx"-! 4 


Ox 2 


Proceeding to the limit 


x2 6x +... ta(dx)"! 


li oy n-1 
im —=— = anx 
6x0 ox 


since all the other terms on the right contain positive powers of 6x which 
approach zero as 6x approaches zero. Thus for y = f(x) = ax", where a is 
a constant and na positive integer, 


dy _f = n-1 
act f'(x) = anx (9.7) 


We have only proved this result for n a positive integer; the proof for other 
values of n is deferred to the next chapter. 


The derivative of sin x (x in radians) 
If y= sinx 
y+ dy = sin (x + 6x) 
oy = sin(x + 6x) — sin x 
= 2 cos(x + 46x) sin$éx by (6.50) 


dy _ 2 cos(x + 36x) sinzdx 











ox Ox 
sin46x 
= cos(x + 46x) yex 
Proceeding to the limit 
dy... dy. sin46x 
— = lim — = lim cos(x + 46 
dx pies 6X 5x0 a ad 56x 
: i __ sin 36x 
= lim cos(x + 36x) lim — 
6x0 6x0 0X 


We have assumed the result that the limit of a product is the product of 
the two limits. (The proof of this apparently obvious result is beyond the 
scope of this course.) 
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Now 
lim cos(x + 35x) = cos x 
6x70 
and 
. sin 56x 
lim =1 by (6.60 
a oe y (6.60) 
therefore 


y 

—=cosx x l 
dx : 

Thus, if y = sinx 


2 = cos x (9.8) 


The derivative of cos x (x in radians) 





If y=cosx 
dy = cos(x + 6x) — cos x 
= —2 sin(x + 46x) sinjéx by (6.50) 
Therefore 
dy |. Oy, : sin 46x 
he iim. ons jim — sin(x + 46x) Tx 
dy = —sinx (9.9) 
dx 


Example 1 Differentiate from first principles y = x? + 3x. 
y + dy = (x + 6x)? + 3(x + 6x) 
dy = (x + 6x)? + 3(x + dx) — x? — 3x 
= 2x 5x + (6x)? + 36x 

Therefore 

x =2x+3+6x 
dy. dy 
— = lim -—=2x+3 
dx as Ox ss 


We note that the differential coefficient of the sum of the two functions 
x? and 3x is just the sum of their separate differential coefficients, a result 
which we shall prove to be true quite generally, in the next chapter. 


Example 2 Differentiate from first principles sin 3x. 
If y = sin 3x 


oy = sin 3(x + dx) — sin 3x 
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Therefore 
in2 
2 = 2 cos(3x + 36x) sma 
7 a<_, sin Zdx 
= 3 cos(3x + 36x) 35x 


(Note: we adjust the final part of the expression, (sin 36x)/(365x), to be of 
the form sin 6/8 which tends to | as 8-0.) 





dy. sin36x 
ao lim 3 cos (3x + 36x) 35x 
= 3 cos3x x | = 3 cos3x 
Exercises 9c 
6 S53 
1 By considering lim cris, show that the derivative of the 
6x70 


function y = f(x) = x? is f(x) = 3x”. Evaluate f’(2) and check your result 
by calculating the approximate limit. 

The function y = f(x) is defined as follows: y = —x? for x <0, y = 2x for 
x 20. Sketch the graph of y = f(x). Is f(x) continuous at x = 0? 


f(x + 6x) — f(x) 
a 


N 


Evaluate lim for x <0 and for x > 0. 


6x70 
Evaluate lim ten) = 10) and lim eee) 
6x0 x 6x0 bx 
Sketch the graph of f’(x). Is f(x) continuous at x = 0? 
3 The function y = f(x) is defined as follows: y = —x? for x <0, y = x? for 


x 20. Sketch the graph of y = f(x). Is f(x) continuous at x = 0? 


f(x + dx) — f(x) 


Evaluate lim for x <0 and for x > 0. 


8x0 Ox 
Evaluate lim pO = tO) 54 lim Hon TO), 
bx--0- x bx70+ x 


Sketch the graph of f’(x). Is f’(x) continuous at x = 0? 
Differentiate from first principles (i) 7x?, (ii) x*—2x?, (iii) sin 2x, 
(iv) cos 3x, (v) sinx — x?. 


a 


oa 1. -2 a 1. —3 
5 Show that the derivative of a is ae and the derivative of 3 is a 


sei : d - 
[The two derivatives obtained here show that the result y = x’, < = nx"), 
which we have proved for na positive integer, is also true for n = —2 and 


n= —3.] 
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Exercises 9 


1 An isosceles triangle is circumscribed about a circle of radius r. Express 
the area A of this triangle as a function of 6 one of the equal angles of 
this triangle. 

A right circular cone of semi-vertical angle 0 is circumscribed about a 
sphere of radius r. Show that the volume V of the cone is given by 


V = 4nr>(1 + cosec 0)? tan? 0 


f(x) = xarctan x. Evaluate f(0), f(1), f(—1). 

(x) = logy, x. Evaluate $(10), 6(100). For what value of x is d(x) = —3? 

Express y explicitly as a function of x if (i) xy +4x + y =3, (ii) x7 + 

2xy+y?=0. 

Express y explicitly as a function of x if x*y + 3xy — 6x = 0 and evaluate 

y when x = I. 

7 y = f(x) is a quadratic function of x. If f(0) = —2, f(1) = —2 and f(2) = 0 
calculate f(x) explicitly and evaluate f(3). 

8 Find the gradient of the chord joining the points with abscissae x, and 
x2 on the curve y = x? + 3x. Deduce an expression for the gradient of 
the chord joining the points with abscissae | and x and the gradient of 
the tangent at the point with abscissa 1. 

9 The distance s m travelled by a particle after t sec is s = t? — t. Find the 
average speed of the particle in the time interval from 3 to 375 sec. Find 
the speed of the particle after 3 sec. 

10 For what value of x is the tangent to the curve y = 2x? — 8x + 3 parallel 
to the x-axis? 

11 Calculate the gradient of the curve y = x(x — 1)(x — 2) at each of the points 
where it crosses the axis of x. 

12 The distance s m travelled by a particle after t sec is given by 
s = ut + jat*. Show that the speed of the particle after time t is v = u + at. 
What is the initial speed of the particle? What is the acceleration of the 
particle? 

13 Find the value of the constant a such that the tangent at the origin to 
the curve y = ax(1 — x) makes an angle of 60° with the x-axis. 

14 Differentiate from first principles (i) x? + x + 1, (ii) 1/x*. 

15 Differentiate from first principles (i) sinax, (ii) cosax, where a is a 
constant. 

16 Differentiate from first principles (i) tan x, (ii) sin? x. [Hint: express sin? x 
in terms of cos 2x.] 

17 Show that the gradient of the chord joining the points with abscissae 

x and x+6x on the curve y=,/x can be expressed in the form 


N 


an ne Ww 


ESTES ES Deduce that the derivative of this function is Te 
Se : 1 dy -l 
18 Show from first principles that if y = ae then dx 7 2x32 [These last two 


d se 
examples show that the result y = x’, = nx"—", proved for na positive 


integer, is also true forn = 4 and n= —4.] 
19 If f(x) = log,x, where a is a constant, show that f(x,x ) = f(x,) + f(x,). 


20 


2 


— 


22 
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If f(x) = a*, where a is a constant, show that f(nx) = [f(x)]", where n is a 
positive integer. 

The height h and the base radius r of a right circular cone vary in 
such a way that the volume remains constant. Find the rate of change 
of h with respect to r at the instant when h and r are equal. (LU] 
If f(x) = 10%, show that f(x, + x2) = f(x;)f(x2). 


23 The function f(x) = x? + px + 1, where p is a constant, is zero when x = a 


24 
25 


and x = f; and the function g(x) = x? — 9x + q, where q is a constant, 
is zero when x = a+ 28 and x = 8 + 2a. Find p and q, and show that 
£(3) = g(3). [JMB] 
If y = h(6) = 7cos6 + 24sin@ and 0< @ < 27, show that —25< y <25. 
A chord PQ of a circle of radius r subtends an angle 0 at O, the centre 
of the circle, and another chord RS, which is parallel to PQ and lies 
between PQ and O, subtends an angle @ + x at O. Show that the area 
A of that part of the circle which lies between the two chords can be 
expressed as a function of 0 as A = r?[4n — }cos(@ + 4n)]. 


10 
Some techniques of differentiation 


10.1 Introduction 


In the previous chapter, we have shown how to calculate the derivative of 
a function by evaluating dy/6x and then calculating the limiting value of this 
quantity, as 6x approaches zero. This method was quite satisfactory for the 
simple functions considered. It could, however, be extremely laborious if we 
happened to be dealing with a rather complicated function. Fortunately, 
it is possible to prove several general theorems, which, together with a 
knowledge of the derivatives of a comparatively few basic functions, enable 
us to differentiate most functions without having to use the method of differen- 
tiation from first principles. 


10.2. Differentiation of a constant 


If y =c, a constant, whatever the value of x, then y+ dy =c, and so dy is 
identically zero. Hence, dy/dx is identically zero, and so dy/dx, its limiting 
value, is also zero. Therefore, 


if y=c dy/dx = 0 (10.1) 


The differential coefficient of a constant is zero. 
Geometrically, the graph of the function y = c is a straight line parallel 
to the x-axis and so has zero gradient. 


10.3 Differentiation of the sum or difference of functions 


If y= u+v, where u and v are both functions of x, then if x is increased 
to x + 6x, wand v will change to u + du and v + dv respectively. Hence y will 
change to y + dy, where 


y+oy=ut+outov+t dv 


oy = du t+ dv 
therefore 

dy ou dv 

bx dx * ox 
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Thus for the limiting values as 6x +0 
dy du dv 


dx 2 dx ot dx 
(We have assumed that the limit of a sum is the sum of the limits.) 


The above process could be carried out for the difference of two functions, 
y =u-—v and the result 


dy du dv 
dx dx dx 
obtained. Thus, if y=u+v, 
dy du dv 
dx dx + dx oy 


The differential coefficient of the sum or difference of two functions is the 
sum or difference of their differential coefficients. 

It is straightforward to extend this result to deal with sums and differences 
of three or more functions. 

If u, v, w, ..., s, t are all functions of x and 


y=utvtwe...tstt 
oy = dutdvutdwt... tds+ dt 








therefore 
dy du dv dw és or 
=—+—+—+4...4—-4— 
dx 6x 6x ~ 6x ~~ bx ~ 6x 
and so 
dy du dv dw ds_ dt 
- .t—t— 10.3 
dx dx t dx dx * tak a) 
Example 1 Find the differential coefficient of x° — 7x? — 6x + 4. 
The differential coefficient of ax" is nax"~ 1. Thus (10.3) gives 
yo i Lod eee a 2d d 
Gy (8° — Tx? — 6x + 4) = 5 (2°) — GE (7x*) qx (6%) + gy 4) 


= 6x> — 21x? —6 


Example 2 Find the derivative of cos x — sin x. 
Expression (10.2) and the basic results for the derivatives of cos x and sin x 
give for the derivative —sin x — cos x. 


10.4 Differentiation of a product 


If y =uv, where u and v are both functions of x, then if x is given the 
increment dx, u, v and y will receive the increments du, dv and dy where 


oy = (u + du)(v + dv) — uv 
dy = udv + vou + dudv 
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therefore 
°F um + (0+ 60) 
Now, as 6x approaches zero, dv approaches zero, and, ~ and ou tend 
to their limiting values a, - and + respectively. Hence 
2 = ue 7 (10.4) 


The differential coefficient of the product of two functions is equal to the first 
multiplied by the differential coefficient of the second plus the second multiplied 
by the differential coefficient of the first. 

In the particular case when one of the functions, say u, is a constant, we 


d 
have u =c, = = 0 and y = ccv, where c is a constant and v a function of x. 
Therefore 
dy dv 
Bad are 5 
dx Yas uO?) 


The differential coefficient of a constant multiple of a function is that same 
constant multiple of the differential coefficient of the function. 

Expression (10.5) can be combined with (10.3) to give the result: if a, b, 
...,¢ are constants and u, v,..., w functions of x* and y = au+bu+ ... +cw, 
then 


ON care yr. thee (10.6) 


The differential coefficient of the sum of constant multiples of a finite number 
of functions is the sum of the same constant multiples of the differential co- 
efficients of these functions. 

The result (10.4) can be extended to deal with the product of three or more 
functions. If y = uvw, we may consider y as the product of the two functions 
(uv) and w. Thus, by (10.4), 


dx d dx 
ip et yg 
mae dx dx 
In general, if y= uvw... s 
Y= ww... F4 .. uw... stu. sh + ow... st (10.7) 


*It is conventional to denote constants by the letters at the beginning of the alphabet and 
variables by letters near the end of the alphabet. 
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The differential coefficient of the product of any number of functions is obtained 
by differentiating each function in turn, multiplying by the remaining functions 
and summing the results. 


Example 1 Find the differential coefficient of (i) 6 sin x, (ii) 8cos x + 3 sin x. 


. d : d_. 
(i) qx (osin x)= O55 (sin x) =6cosx by (10.5) 


d 
li) ae + 3sin x) = § eos x) + 3 —(sin x) 
dx dx dx 


= —8sinx+3cosx by (10.6) 


( 


Example 2. Find if (i) y = x®cos x, (ii) y = sin? x. 
x 
(i) y = x®cosx, therefore by (10.4) 
d d 
dy = x® — (cos x) + cos x — (x°) 


dx dx 
= —x®sin x + 6x>cos x 


dx 


= x5(6cos x — xsin x) 
(ii) y = sin? x = sin xsin x, therefore by (10.4) 
dy = sinx eeer x) + sinx is (sin x) 
dx dx dx 


= 2sin x cos x 


_ dy, : 
Example 3 Find A if y = 6x? sin xcos x. 
By (10.7) 


a 6x? sin x a (cos x) + 6x? cos — (sin x) + sin x cos x x (6x?) 
dx dx dx dx 

— 6x? sin? x + 6x? cos? x + 12x sinx cos x 

= 6x?(cos? x — sin? x) + 12x sin xcos x 

= 6x? cos 2x + 6x sin 2x 

= 6x(sin 2x + xcos 2x) 
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Differentiate with respect to x 


1 7x5 — 3x* + x? 2 8x3 —sinx + 6 

3 6cos x — 8(x? + x) 4 (x3 + 1)(x* + 1) 

§ sin x(1 —cos x) 6 x(3x + 4cos x) 

7 (x? +x + 1)(2x? + 3x + 1) 8 8x?(1 + sin x)(1 + cos x) 
9 xcosx + 3(x + 1)(x — 1) 10 4x? sin x — 3x?cos x 
11 (x? +1)? 12 (x? + 1)?(2x + 1) 
13 (x? —1)3 14 3xsinxcosx 


15 3x(x? + 1)sinxcosx 
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10.5 Differentiation of a quotient 


If y = u/v, where u and v are both functions of x, an increment 6x in x will 
result in increments du, dv and dy in u, v, and y respectively. Therefore 


_utou u 


~p+o0. ov 





v(u + du) — u(v + dv) 

= v(v + dv) 
_ vdu—udv 
“v(v + dv) 
ou ov 
oy _ "Ox “Ox 
dx v(v + dv) 

As 6x +0, so 6v > 0 and mot, eee therefore 
du dv 
dy de dx 


no (10.8) 


The differential coefficient of the quotient of two functions is equal to the 
denominator multiplied by the differential coefficient of the numerator minus 
the numerator multiplied by the differential coefficient of the denominator all 
divided by the square of the denominator. 

In the case where u = 1, ie. y = 1/v is the reciprocal of the function », 


du/dx = 0 and so we have 
d /1 - 
—{-)= d 
aa: (*) > (10.9) 


The differential coefficient of the reciprocal of a function is minus the differen- 
tial coefficient of that function divided by the square of the function. 


Example 1 Find the derivative of 





_ sin 1 
Oe aera azy (ii) y 2 ape (ili) y= are 

; x 
OY saT 

1 a 
a (x + a) xa + iam 
dx (x + 1)? ee 

x+1l—x 1 


~ (e+? +I? 
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(ii) y = sin x 
yx? + cosx 
(x? + cos earn x) nce + cos x) 
ce eeee:, ane enone 7/70 
dx (x? + cos x)? es 
_ (x? + cos x) cos x — sin x(2x — sin x) 
i. (x? + cos x)? 
__ x? cos x + cos? x — 2x sinx + sin? x 
~ (x? + cos x)? 
a + x(xcos x — 2sin x) ; 5 yee 
= Gee (since sin* x + cos* x = 1) 
oF 1 
Gil) y= a 
dy —2x 
du Ocos 0 Ocos 0 
= aq due «. _Goosd ... _ — cosO 
Example 2 Find 40 if (i)u 043 (ii) u (+ sind 
: Ocos 6 
(6 + 3) : (@cos 0) 8cos 0-2-(0 + 3) 
du do °° do me 
do ~ +37 ee 
_ (6 + 3)(cos 6 — @sin 8) — cos O(1) 
y (6 + 3) 
_ 3cos 0 (0 + 3)0sin 
(0 + 3)? 
Ocos 0 


(i) «= Gy and 


du 
dé (0 + 1)? sin? 0 
_ (6 + 1)sin 6(cos 6 — @sin 6) — 6cos O[(6 + 1)cos@ + sin 6] 
> (6 + 1)?sin? 6 ; 
_ (@ + 1)sin 6 cos 6 — 6(6 + 1)sin? 6 — 6(6 + 1)cos” 6 — Osin 8 cos 6 
7 (6 + 1)? sin? 6 


. id d : 
Z (6 + 1)sin 0g (Gcos 8) - Ocos 6 = (8 + 1)sin@] 





_ sin 6cos 6 — 0(8 + 1) 
~ (6+ 1) sin? 6 
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Example 3 Find the gradient of the tangent to the curve y = 





x? +1 
point with abscissa 1. 





2 
We first find the general expression for dy = f’(x) with y = f(x) = = 
dx x*+1 
GY gy Ort Nex x7.2x 2x 
dx G+? +i 
; 2. <i 
therefore f'(1)= Tee 


The gradient of the tangent is 4. 


Exercises 10b 


Differentiate with respect to x 
2 











x x 
x+1 x + sin x 
x + sin x 1 
1 + cosx sin x 
1 3 
5 —___ 6 —— 
1+cosx (x + 1)? 
xsin x x? + 3x 
cos x + sin x (x + 1)(x + 2) 
x? sin x 10 x 
(x + 1)(x? — 1) (x + 1)(x + 2)(x + 3) 
sin? x x(x + 1) 
cos x(cos x + sin x) (x + 2)(x + 3) 
3 
13 Find the gradient of the tangent to the curve w = ee at the point with 
abscissa 3. 
ind 
14 Find the gradient of the tangent to the curve v = = SR at the point 
cos 6 + sin 8 
where 9 = 2/3. 
3 
15 Find the gradient of the tangent to the curve y = - = i at the point with 


abscissa 2. At what points on the curve is the tangent to the curve parallel 
to the line y = 3x + 7? 


10.6 Differentiation of the trigonometric functions 


The results of the preceding section enable us to obtain the derivatives of 
the remaining four basic trigonometric functions: tan x, cot x,sec x and cosec x. 


d 
We already have the results that if y = sin x, A = cosx, and if y = cosx, 
x 


d : : 
ra = —sinx. Thus, for y = tanx = sin x/cos x 
x 
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dy cos xcos x — sin x(—sin x) 











by (10.8 
dx cos? x Ma 
__ cos? x +sin?x 1 
~ cos? x ~ cos? x 
Therefore 
d 
— (tan x) = sec? 10.10 
i! x) x ( ) 
y =cot x =cosx/sin x is treated in just the same way: 
eo eee 2 =| 
dy __ sin st x = by (108) 
dx sin* x sin’ x 
Therefore 
d 
ay (ot x) = —cosec? x (10.11) 


The derivatives of sec x and cosec x are obtained by treating them as the 
reciprocals of cos x and sin x respectively and using (10.9). Thus 


¢ (sec x) = a ! 
dx ~ dx \cos x 
(—sin x) 1 sinx 











cos?x  cosx cosx 


Therefore 
d (sec x) = t 10.12 
dx x) = sec x tan x (10.12) 
We leave it to readers to show that 
d 
aS. (cosec x) = —cosec x cot x (10.13) 


(Note: the basic trigonometric functions which begin with ‘co’ have a negative 
sign in their derivatives.) 


10.7 Second and higher derivatives 


If y = f(x) is a function of x, then in general the derivative dy/dx = f’(x) will 
be some other function of x. The derivative expresses the rate of change of 
f(x) with respect to x, as a function of x. We might well enquire what is the 
rate of change of this derivative with respect to x, i.e. calculate the differential 
coefficient of dy/dx or f’(x). 

An immediate application of this situation arises if we are dealing with a 
space-time graph, s = f(t). Then ds/dt represents the speed of the body at any 
time t, and the rate of change of ds/dt, the acceleration of the body. 

The derivative of dy/dx is called the second differential coefficient of y 
with respect to x and is written d?y/dx?. In general, d*y/dx? will be a function 


178 Some techniques of differentiation 


of x and so may be differentiated to form the third differential coefficient of 
y with respect to x, or the third derivative of y, which is denoted by d?y/dx3, 
and so on. The nth differential coefficient of y with respect to x is denoted 
by d"y/dx". If the notation f(x) is used, the first, second, third, ..., nth deriva- 
tives are denoted by f’(x), f(x), f(x), ..., £(x). 

In general, the process of calculating the nth derivative of a function is a 
tedious business and can only be achieved by calculating the successive 
derivatives in turn. It is generally worth while to consider briefly whether it 
is possible to simplify the function dy/dx before calculating d?y/dx? and in 
turn to try to simplify this before calculating d*y/dx°, etc. 


: d? d* 
Example 1 If y = sin x, show that at =-y, sa =). 
y =sinx 
ud = COs x 
dx 
d? ; 
a2 = —sinx = —y as required 
x 
a 
oa = —COosx 
d*y 


—~ = —(-sinx) =sinx =y as required 





Example 2 Find the second derivative of y = f(6) = a 
1+ cos 
dy F (1 + cos #)cos 6 — sin 8(—sin6@) 
— = f'(6) = ——_—___w_ 
dé (1 + cos 8) 
_ cos? @ + cos @ + sin? 6 
(1 + cos 6) 
_ _1+¢os 6 1 
~ (1+cos6)? 1+cosé 
Therefore 
d?y (—sin 6) sin 0 
—=_ = um =>=-—--— SO _—— 10. 
ape | O"Gacosee Gace 
d*y ? 
Example 3 If y = tan 6, show that age 2y(1 + y*). 
y =tand 
dy 


aa sec? 9 = sec0.sec 0 
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By (10.4) 
d?y 
qoz ~ S&C 0.sec PO tan 0 + sec 0.sec 6 tan 0 
= 2tan @sec” 
= 2tan 0(1 + tan? 6) 
Therefore 


= 2y(1 + y’) 


Exercises 10c 


Differentiate with respect to x 
1 secx +tanx 2 secx tan x 3 cos xcot x 
4 sec?x+tanx 5 sec?x+tan?x 
6 (cos x + sin x)(sec x + tan x) 
sec x sec x 1 —tanx 
sin x + cos x 1 + secx 1+tanx 
10 A-particte-moves so that the distance s m travelled after t sec is given by 
s = f(t). Find expressions for the speed and acceleration of the particle 
after time t sec, and the speed and acceleration after 1 sec if(i) s = 4? — 3t 
and (ii) s = cos 2nt + sin 2zt. 
. ,d*y... cos x 
11 Find a if (i) y = cos? x, (ii) y = =a 
2 


d d 
12 If y = 6", where n is a positive integer, show that (i) 0 = ny, (ii) 6? sar 
= n(n—l)y. 


ce ee 
| nn. 


13 If y = u", where n is a positive integer, show that aa 
14 If y = secO, show that ae (2y? — 1) 

yr > de Wey . 
15 If y = sin x, show that 


(i) © = sin x+5 


d?y : Tu 
(ii) = = sin (: + 25) 


iy 4 _ = sin (« + =) 


d 
What is the value of 295 
dx 


10.8 Differentiation of a function of a function 


The function y = (2x + 1)? is a function of 2x + 1, which in turn is a function 
of x. More specifically, y is the cube of the function 2x + 1. We say that y 
is a function of a function in this case. As a second example, consider the 
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function y = sin x?; y is the sine of the function x, and so is another example 
of a function of a function. 

Functions of this type frequently occur in mathematics and in this section 
we shall develop rules for evaluating their derivatives. In general, a function 
of a function is expressible as follows: y is a function of some quantity which 
in turn is a function of x. In symbols 


y=F(v) where v = f(x) 
= (2x + 1)? y=v> where v = 2x +1 
y = sin x? y=sinv where v = x? 
y = cos’ x, ie. (cosx)? y=v* where v=cosx 


The general rule for differentiating a function of a function can be obtained 
as follows. : 

If y = F(v), where v = f(x), then if x is given the increment 6x, v will be 
given the increment dv (since v = f(x)), which in turn generates the increment 


oy in y (since y = F(v)). It is convenient to write oy in the form oy x oy 
6x dv 6x 


which is possible provided dv # 0. Then 


dy . oy . Oy dv 
2 pn rs pe Se 
dx ie Ox Pies Bn ox 


oy 
ee lim — 
= slit. ov ; rons ox 


(We have again used the result that the limit of a product is the product of 
the limits.) 
Now as 6x +0, dv —0, so the first term of the above is equivalent to 


lim — oy , Le. ay Therefore 
6v70 év dv 


dy dy dv 


ee mer (10.14) 


Pais shall apply this rule to the three examples given above. Thus, for 
= (2x + 1)? = v3, where v = 2x + 1, 


dy dv 


— — 2 _—_—- = 

dv oP dx 2 
therefore 

o 3v? x 2 = 6(2x + 1)? 


We can verify this particular result by writing 
= (2x + 1)(2x + 1)(2x + 1) 


and using (10.7). In this way, we obtain 
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d 
dy = (2x + 1)? 2 (2x4 1) + (2x + 1)? — (2x + 1) + (2x + 1? (2x +1) 
dx dx dx dx 
= 3(2x + 1)? x 2 = 6(2x + 1)? as before 
For y = sinx? = sinv, where v = x? 


d d 
Sa Sieg) Soe 


dp dx 


therefore 


d 
£Y — 2x cos x? 











dx 
For y = cos” x = v’, where v = cos x 
dy ; 
ag 2v i —sin x 
therefore 
dy ‘ 
— = —2sinxcosx 
dx 
—1\2 
Example 1 Find ay when (i) y = (3x? — 4)*, (ii) y = (: ) : 
: dx x+1 
(i) y = (3x? — 4)* = v*, where v = 3x2 —4 
dy “ dv 
aT 4v is 6x 
therefore 
dy = 4(3x? — 4)3 x 6x = 24x(3x? — 4)3 
dx 
.. x-l\?__, x—1 
(ii) y= (5) eS rare 
d d 
(x + 1)—(x —1)-—(« — 1)—(x +1) 
dy | B dv _ dx dx by (10.8) 
dv dx (x + 1)? ee 
_&+1I-(@-1) 
~ (x + 1)? 
shane 
~ (x + 1)? 


therefore 


dy  2(x— 1) 2 4(x — 1) 


dx (+1) -@+I? +I? 
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d 
Example 2 Find (i) < [sin (4x? + 3x)], (ii) TH (sec? 40). 
x 
(i) Let v = 4x? + 3x. Then 
d d 


d_. , 7 es 
aS [sin (4x* + 3x)] = a Sn v) = ca 


: dv 
(sin v) X —— 


dx 
= cos v(8x + 3) 


= (8x + 3)cos (4x? + 3x) 
(ii) With y = sec? 40, y = v?, where v = sec 40. Then 
dy _ dy | dv yw 
da du “da ” do 
v is still a function of a function: v = sec u, where u = 46. Therefore 


do _ dv du tamu 
do ahi 7 ama anu X 


dy = 2sec 46 x sec 46 tan 40 x 4 
dg 
= 8sec? 40 tan 40 


We have here an example of a function of a function of a function. y is a 
function of v, which in turn is a function of u, which is a function of 0. The 
extension of (10.14) which enables us to deal with this situation is 


dy = dy : dv 3 du 
dd dv du dé 
Readers will find, as they gain experience, that they do not need to introduce 


the auxiliary variables v or u specifically. However, at first it is probably wise 
(even at the cost of a little time) to use them. 





(10.15) 


Exercises 10d 


Differentiate with respect to x 


1 (x — 1)5 2 (2x —1)5 3 (2x? — 3x) 
4 (x? + 2x + 1)* 5 sec 3x 6 tan 5x 

7 xsin 4x 8 x? cos 3x 9 sin? x 
10 sin x? 11 sec (3x? + 1) 12 tan? (3x — 4) 


13 sin? (x? + 1) 


16 (1 + sin? x)(1 —sin? x) 


19 (1 —cos* x)(1 + cos* x) 


22 sec? (tan? 3x) 


14 (x + 1)(2x — 1)4 


3 
re (.) 
1+sinx 


sin2x \? 
20 | ——_— 
(5. 


15 sin? x tan 2x 


_ y2\2 
18 1 2 
1+x 
sin? x 
2+ sin? x 





23 Find du/dé@ if u = (i) sin" 9, (ii) cos” 9, (iii) sin"@cos” 6, where m and n 
are positive integers. 

24 If y = sinm@ show that d?y/d6? + m?y = 0. 

25 y =(sec + tan 6)", where nis a positive integer. Show that dy/d@ = ny sec 0. 
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10.9 The derivative of x", where 7 is negative or a fraction 


In the previous chapter, we saw that if n is a positive integer then the 
derivative of x" is nx"~1. We shall show this result to be true for all values 
of n. 

(i) If n is a negative integer, let n = —m so that m is a positive integer. 
Then if y = x”, we have 


_m | 
y =x = an, 
x 
therefore, by (10.9), 
dy mx™—} cast 
— = ——~— = — mx 
dx x? 
=nx""! since —-m=n 


Thus 


d : ; 
— (x") =nx""! if nis any integer 


dx 
(ii) If nis a fraction, let n = p/q, where p and q are integers (not necessarily 
positive). Then 
y= xP/a — (x 1/4) 
With x!/4 =u, y = u?, where x = u4, so that 
dy 


d 
7 il doll and aaa by (i) 


These two results enable us to obtain dy/dx, for, by the rule for dif- 
ferentiating a function of a function, 


dy _ dy dx 
du dx du 
dy 


puP-* Pak qui! 
x 


dy = Pip-a = P(x tlaye-4 
q 


dx 4q 

dy = p Piq-1 

dx q- 
=nx"") since n = p/q 

Thus, for all values of n, 
d -1 

— (x") = nx" (10. 16) 
dx 


d . d fl 
Example 1 Find (i) ax (/x), (ii) ay (Z) 
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: d xt ad se. 1 

0) Ma (Vx) = ae )= 5% ~ 2x 
: d/jl\ d_ 4 = oe. =4 
(1i) a(s)-Ee y= —4 ao 


dy 2° me 
E Find 22 mee [ee rcs gy ace peso 
xample 2 Find => when (i) y (« 5) » (ii) y AG a =) 


(i) y=0’, where p = x? ~ =x? 2x7? 


cSdes 2v and ao = 2x —(2)(—2)x 73 = 2x rma 
dv dx x 


therefore 





x 
= v'/?, where v = 
(ii) y= Jv =v" vets 


x 
dy en eee 1 dv (x+1)1—x.1 _ 1 
Go oo ie Ga 
therefore 


vat (2) 1 1 
dx 2V¥\ x J(l+x? 2/x(1 +x)? 


Find dy/dx when y = 


Exercises 10e 


1 x??? 2x 3 (/x)’ 
3\? 1 
4 (3) 3 Ox? 39? 6 J (2x? — x) 
7 (x? + 1)3? 8 1/,/(x? + 1) 9 (1+ x)/( — x?) 
10 /x(1 + x)? 11 sec /x 12 /secx 


: x-1 1+ cosx 


10.10 Differentiation of inverse functions 


We have already encountered in Chapter 6 the inverse trigonometric functions 
y = arcsin x, y = arccos x, y = arctan x, etc. (which mean x = sin y, x = Cosy, 
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x = tan y, respectively). These functions do not fall into any of the categories 
(product, quotient) so far considered in this chapter and we shall develop a 
new technique in order to calculate their derivatives. 

This we shall do for the general inverse function and then apply the tech- 
nique to the inverse trigonometric functions. It is important to realise that 
the notion ofan inverse function is not confined to the trigonometric functions. 
In general, if y = f(x), then the value of x will depend on the value of y and 
so x is a function of y; x = g(y), the inverse function to f(x). 

Care needs to be exercised in some cases. If y = x”, then as we have seen 
(Section 9.1), there are two inverse functions, x = » y and x = —/ y, and 
we must be careful to deal with them separately (see Exercises 10f, question 3). 
If y = sin x, then x = arcsin y, and we must deal with the principal value so 
that a unique value of x corresponds to each value of y. 

In general, if y = f(x), x = g(y) and we shall show how to find the derivative 
dx/dy of g(y) in terms of the derivative dy/dx of f(x). 

We may regard y = f(x), where x = g(y), as being a function of a function. 
Thus, on differentiating with respect to y, we obtain 


d(y)_ d dx 
_ dy dx 
~ dx dy 
therefore 
dy dx dx /dy 
#2 1/S or H 21/2 (10.17) 





Figure 10.1 


Geometrically, if we draw the graph of y = f(x), then at the same time we 
draw the graph of x = g(y) (Figure 10.1). 

If PT is the tangent at any point P on this curve and PT makes an angle y 
with the positive direction of the x-axis and an angle ¢ with the positive 
direction of the y-axis, then 


= tanw —— =tand 


dy dx 
dx dy 
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. 1 
But since ¢ = 4n—y, tand =cotw Sand 


(Note: this result is only true for the first derivative.) 


anw 


= 1 | a as before 


dy 


, therefore 


We shall now apply the general result (10.17) to the inverse trigonometric 


functions. 


If y = arctan x, 


therefore 


If y = arcsin x, 


therefore 


If y = arccos x, 


x = cosy 


therefore 
dy 


dx 


x =tany 

dx 5 

ao y 
=1+tan’y 
=1+x? 


a —siny = —./(1 —cos? y) = -v( — x’) 


~ Ya) 


(10.18) 


(10.19) 


(10. 20) 


Note: the results (10.19), (10.20) are in accordance with our convention regard- 
ing the square root sign and the principal values of the inverse trigonometric 
functions. Reference to Figures 6.20 and 6.2] shows that the gradient of 
y = arcsin x is everywhere positive and the gradient of arccos x is everywhere 


negative. 


Differentiation of inverse functions 


d 
Example 1 Find as (arcsec x). 
If y = arcsec x, then 


x =secy 
ie sec ytany 
dy 


= sec y,/(sec? y — 1) 


= x,/(x? — 1) 
therefore 
d(arcsecx) dy _ 1 
dx dx x,/(x? — 1) 


Example 2. Find du/dé if (i) u = arcsin 36, (ii) u =arctan (36°). 
(i) u = arcsin 30 = arcsin v, where v = 30 





du _ du do a 1 3 
dd dv dO /(1—v’) 
3 
~ (1 — 96?) 


(ii) u = arctan (36) = arctan v, where v = 30? 
dus du dv 1 5 
dan tee 


gto 
~ 14908 


E. le 3 Find arcsin ee 
xample in ax re al 











—x? 1— x? 
Let y= arsin(j =) = arcsin u, where u = text 
dy _dy du 1+ x9(-29)- (1 = x92 
dx dudx  /(1—u’) (+x? 
1 —4x 





f1—d —x32/1 +x) “ +x2p? 


_ 4x (1 + x?)? 
“(+x ~ J / (+27 -U xP 
4x ($x) =2 
“d4x22* ox ~ (4x2) 
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Exercises 10f 
—1 
1+x?° 
2 Show that i, (arccosec x) = = 
dx x,/(x? — 1)" 
3 Use the technique employed in this section to show that if y = Jx 


. d 1 1 = ; 
(ie. x = y”) then es . Show also that if y = —/x (again 


dx 2y 2/x, 
1 


Note: in both cases ay: = — | 


are | dx 2y 


d 
4 Show that if y = ¥/x, then ze ae x by the method of this section. 





d 
1 Show that — (arccot x) = 
dx 





x = y?) then 


dx 3x? 
Find dy/dx if y = 
5 arcsin x? 6 arccos 6x 7 arctan (x + 1) 
8 arcsec x? 9 arctan x? 10 xarcsin x 





11 aresin( =) 
1+x 


1 
12 arctan (+ 


) Can you explain this result? 


13 Show that if a is a constant 


. d x\} a 
(i) ax arctan *) TET 
d x |- 1 
(ii) ax a Wat. ax) 


20 
14 Show that Se arctan 0) = 5 arctan ()} Why are the two 
results a 
d 
15 If y = (1 — 6%) arcsin 8, show that (1 — 62) 57 = 1 — 6? — by. 


10.11 Differentiation of implicit functions 


The rules which we have established in this chapter have been applied thus 
far only to explicit functions. In this section, we shall develop the techniques 
necessary for the differentiation of implicit functions. 

Suppose, for example, that y is defined as an implicit function of x by the 
equation 

x4+y?=4 

We differentiate each term of the equation above with respect to x and so 
obtain 


d d d 
ZW It GOAT) 
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therefore 
d 
ae (y?) + 2x =0 


Now y” is a function of y which is itself a function of x. Thus by (10.14) 
d , d_, dy dy 
2s i BE (aS Dye 
ax a y’) A ae 


therefore 
d 
2y 5 + 2x =0 
so that 
De 
dx sy 


In this particular example, it is possible to express y explicitly in terms 
of x; y = /(4— x?), ie. y = u!/?, where u = 4 — x?. Therefore 
dy dy du 11 


dx du dx sa ia ea 


—x x 
=—— = —— as before 
vusy 
However, we could also express y as a function of x as y= —,/(4—x?), 
ie. y= —u'/?, where u = 4— x?. Therefore 
dy dy du 1 1 
—S>=S Se —  — —  _.,, —2 
dx du dx 2/u (=28) 
oa Rec Sm B® 
Ju -y iy 
Note, in both cases, the correctness of the result dy/dx = — x/y, obtained 


by the first technique (see Figure 9.5). 
Generally, however, when it is not possible to express y explicitly in terms 
of u, we shall have to use the first method. 


Example 1 Find dy/dx if x? + y? + siny = 3. 
We have, on differentiating the equation with respect to x, 


d d 
2x + — (y”) + — (si = 
x+ WI +g in) 0 


d ,dy d.. dy 
yy) + nue 
wag ae dy de 0 

dy 


d 
2x +2y = + cosy = 0 
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therefore 


dy _ 2x 
dx 2y+cosy 
Example 2. Find dy/dx and d?y/dx? if x + y+siny = 3 


On differentiating the equation above with respect to x, we obtain 
dy d 
1 —_ — (si —— 
eta (sin y) = 0 


1+ 2 + cosy o = =0 
1 ea + cos y) = 
therefore 
dy -1 
dx 1+cosy 
To find d?y/dx?, we differentiate this expression with respect to x 


d*y d/(dy\ d -1 _d —1 \dy 
dx? ~ dx \1+cosy) — 








dy \1 + cos y/ dx 
d’y _ —1(-1(-siny) | -1_siny 
dx? (1 + cos y)? “THeosy ( + cos y)> 


Alternatively, we may find d?y/dx? by differentiating with respect to x the 
: dy d : . ; : 
equation 1+ 3+ 500s y =0 which we obtained earlier. In this way, 


d?y “(2 
Ot aaa tae cosy) = 0 
d*y d ml 
oy + 2 E (e089) + cosy 2) = 0 by (10.4) 


dy d*y 
rae dye dx + C8 G2 


we obtain 


therefore 


sin ey. j 
d7y Y\ ax _ siny 


= = — bef 
dx? 1+cosy (i +cosy)? SPR 


dice = 
dx 1+cosy 
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Example 3 Find dy/dx and d*y/dx? at the point (1,1) on the curve 
x+y =2. 
On differentiating the equation with respect to x, we have 


d 
2 sy 
3x ta (y*?) =90 
d dy 
3 2 ae Ch ers So 
BF ay ag 
3x? + 3y2 = 0 (i) 
dy. dy 
Thus, when x = 1, y = 1, — is such that 3 + 3— =0. Therefore 
dx dx 
dy = —1 at the point (1, 1) 
dx 


If we differentiate (i) with respect to x, we obtain 


d dy 
6x +—( 3y2 2) = 
xt (39 2) 0 
dy dy d 
6x +3 55 +. (By?) =0 by (10.4) 
d*y dy , dy _ 


2 eases pe pees 
6x +3 Sat 5 by 5 =0 


Now when x = 1, y = 1, dy/dx = —1 and so the value of d?y/dx? at this 
point is such that 


d? 
6+355+6=0 


therefore 

d? ; 

nas = —4 atthe point (1, 1) 

dx 

Thus we see that nothing new in the way of differentiation is involved in 

applying these techniques. Care must be taken, however, to apply the function 
of a function rule when differentiating a quantity which involves y or its 
derivatives, with respect to x. 


Exercises 10g 


Find dy/dx when 

1 xy=1 

2 x7y?-x-y=0 

3 /xt+VJ/y=1 
4x+y+cosx+cosy=2 
§ xy+siny=1 
6x+y+sinxy =2 
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7 Find dy/dx at the point (1, 1) if x? + y? + xy = 3. 
8 Find dy/dx and d*y/dx? if 3xy+x?+y? =5. 
9 Find dy/dx and d*y/dx? at the origin on the curve x? + y?+x + 3y =0. 
10 Find dy/dx and d*y/dx? at the point (1, 1) on the curve 3x? + 2y? + 
xy+x—7=0. 


10.12 Differentiation from parametric equations 


It is often convenient to define y as a function of x by expressing both 
y and x in terms of a third variable t, known as a parameter. (See Sections 
20.5, 20.9, 20.12 and 20.15.) 

Thus, in general, y = f(t), x = (t) defines y as a function of x. This follows 
since y is a function of t which in turn is a function of x. By eliminating t 
from the two relationships above, we can obtain y as a function of x. 
(See Section 1.3.) 

Thus, if y = t?, x = 1/t, we have, since t = 1/x, y = 1/x?. Sometimes it will 
be difficult or even impossible to carry out this elimination although it is 
always true that y is a function of x since the value of y will depend on x. 
In such cases, the differential coefficient of y with respect to x can be obtained 
by regarding y as being a function of a function; y is a function of t and 
t is a function of x. Thus 


dy dy dt 
dx dt dx 


dy _ dy dx (10.21) 
dx dt/ dt 


Example 1 Find dy/dx when (i) y = t?, x = 1/t, (ii) y = sin 0, x = cos 0. 


therefore 


2 dy 2t P 
= =—y = - by (10.21 
(i) dx = 1/t 2 2t y ( ) 
(ii) Gy P08, eat by 0D) 
dx —sin6é 


Example 2. Find dy/dx and d?y/dx? in terms of t when y = 2t, x = t?. 
dy dy [3 ae oi 





dx dt/dt 2 t 

d?y _ d (dy\ _d (dy) de 

dx? dt \dx) dx 

d?y  d /dy\ /dx 

ee ie (10.22) 


(This result is true generally.) 
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d? d /1 -—1 1 
be Sess (is Fo ee (pee 
dx? $(2)/ Ee | 20? 


Example 3 Find dy/dx and d?y/dx? at the point with abscissa 1 on the 


curve y = I/t, x = 2t. 
The point with abscissa 1 corresponds to t = 4. Now 


eee eee 
dx t?/°—sO te? 


therefore 


dy 
When t = 3, — = —1/4= -—2 
en ba /z 


dy td/ 1\ 1 ft! 
dx? 2dt\ 217) 223 \7°*’ a ~ 2) 


qty: A 
y 4 


dx? 268) 





When t = 3, 


Exercises 10h 
Find dy/dx in terms of the parameter when 








ly=t?7,x=23 2 y=2sin 0, x = 3cos0 
3 y =cos4t, x = sin 2t 4 y=t?cost,x =tsint 
2 t 3 t 
Sy2 x = 6 y= se 
aaa ee +t Peg? 1+t° 


Find dy/dx and d*y/dx? in terms of t when 
eae tatbe Oe he i 1 
ve laetn ieee re as 
9 If x =t°+¢ and y = 2t?, find dy/dx in terms of t and show that when 


dy/dx = 1,x =20rx=}9. 
10 The position ofa projectile referred to horizontal and vertical axes is given 
by x = 81, y = 40r — 16? after time ¢ sec. Find at what times the projectile 


is moving (i) horizontally, (ii) at an angle of 45° to the horizontal. 


10.13 List of standard forms 


The rules of differentiation and the differential coefficients of the important 
basic functions are listed below. They should be memorised. In the following, 


u, v,..., W are functions of x; a, b,..., c are constants. 
d du dv dw 
Gye + bv + er aad ak rea he ar 
d dv du 
a =4a +8 a 
d dw dv du 
gy tew) = wg te twa 
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youd 
=(2) _ dx dx dy dy du 
dx\v/ v? dx du dx 
dx _ 1 dy S ym = nt! 
dy dx dx 
(sin x) = : (sec x) = t 
ay sin x) = cos x as sec x) = sec x tanx 
< (cos x) = —sinx a (cosec x) = —cosec xcot x 
dx = dx . 
d = 2 d — 2 
ay (tan x) = sec* x ae x) = —cosec* x 
(arcsin x) = ¢ (arctan x) = 
dx ~ (1 = x?) dx acini Oe) 
dy dy /dx d ( eis -1 
x dt] dt dx ee aad JU — x?) 
Exercises 10 
1 Find (i) Rr —4 x? + 2), (ii) oa: 3/2 Be 2 4 dp 12), 
dx dt 
d .. d 
2 Find (i) ——[(x? + x)(3x? + x)], (ii) —[sec (1 + cot )]. 
dx dé 
.,.d x . d (x3-x 
3 Find (i) a (= = :) (ii) as (= > *) 
4 Find the derivatives of (i) vx , (il) iat bs 
1+./x 1—./x 
5 Find d6/dt when (i) 6 = sin tsin 3t, (ii) 90 = t?sin 7! t. [LU, part] 
‘ : : . X+3 .. (x — 1)(x —2) 
6 Differentiate with respect to x (i) rg" (ii) (ee 1ee 2) 


7 Find dy/dt when (i) y = costcos 5t, (ii) y = tarctant. 
8 Find the derivatives of (i) sin* x, (ii) sec? x. 

9 Find du/dé if (i) u = sec? 68, (ii) u = cot? 6. 
10 Find (i) d/d@ (@sec 0 tan 6), (ii) d/dx (x sin x cos 2x). 
11 Find dy/dx when (i) y = sin 1/x, (ii) y = {[sin(1/x)]/x}. 


12 Find (i) — e 


a 


dé 


+63 
13 Differentiate with respect to 6 (i) arcsin y (1 — 62), (ii) arctan] 


.. d ee 
), (uys; areaint ). 


m=} 
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14 Find dy/dx when (i) y = arcsin (tan x), (ii) y = arctan (sin x). 


15 Find (i) < [arccos (1 — t?)], (ii) — & | arcot (<3) 





t= 2 
16 Differentiate with respect to x (i) cos 1/x?, (ii) arceos( = =) 
x 
17 If y = tan x, show that d?y/dx? = 2y + 2y?. 
18 If y = cot? 6, show that d*y/d0? = 2(1 + y)(1 + 3y). 
19 If y= tanx +4tan*x, prove that dy/dx = (1 + tan? x). 


2 
20 Find dy/dx when (i) y = arctan (7) (ii) y = arcsin(2x — 5). 


21 Find dy/dx when (i) y = x" tan nx, (ii) y = arctan (sin 3x). 

22 If y is a function of x find the derivative with respect to x of (i) xy?, 
(ii) x/y, (iii) y/x, (iv) sin? y. 

23 Find dy/dx when (i) x? + y? — 3xy + 1 =0, (ii) x? — 2x?y? + y* =0. 

24 Find dy/dx when (i) y? + x? = 6x + 4y + 1, (ii) y> +x? =3(x + y). 

25 (i) If sin y = tan x, find dy/dx in terms of x. (ii) If x? + y? = 3axy, find 
dy/dx in terms of x and y, and prove that dy/dx cannot be equal to — 1 
for finite values of x and y, unless x = y. [SUJB] 

26 Find the slope of the tangent to the curve yx* — 3x?y? +x? —2x =O at 
the point where x = 2, y= 1. 

27 Find dy/dx and d?y/dx? at the origin on the curve x°y + y>x = xy+y. 

28 Find dy/dx and d*y/dx? at the point (1, 1) on the curve 2xy — 2x3 — y3 + 

=0. 

29 If x® + y® = xy express d*y/dx? in terms of x and y. [WIC, part] 

30 Find dy/dx if y = bsin@ and x = acos9@. 

31 Find dy/dx and d*y/dx? for the curve x = asec, y = btané. 

32 Find dy/dx and dy/dx? for the curve x = acos? 6, y = asin? 0. 

33 Find an expression for dy/dx for the cycloid given by x = a(t + sint), 
y = a(1 —cost). 

34 A curve is given by the parametric equations 


x =a(tsint + cost — 1) y = a(sint — t cost) 


Find dy/dx and d?y/dx? in terms of t. [JMB, part] 
35 The equations of a curve in parametric form are 


x = 4cosd+3sin6+2 y = 3cos6—4sin6 — 1 


Find dy/dx at the point where 6 = 2/2. [LU] 
36 If y = (w? — 1)", show that (w? — 1) dy/dw — 2nwy = 0. 
37 If y = sin(marcsin x), show that (1 — x”) d?y/dx? —x dy/dx + m’y = 0. 
38 If y = /(4 + 3sin x), prove that 


d? 
2y oa Ee oe ) +y?=4 [SUJB, part] 


39 If y= ts find dy/d6@ and d?y/d@?, and prove that 


d7y 


2 
Oe 


+4052 + (0? + 2)y = 0 


196 Some techniques of differentiation 


40 If z=[v+ /(1 + v’)]”, show that 


d 
(l+v F402 pte =o 


2 
Fe 
41 The equation of a curve is x? + 4xy + y? = 25. Find the values of dy/dx 

and d*y/dx? at the point where the curve meets the positive x-axis. 


[AEB] 
42 Given that y = (sin x — cos x)/(sin x + cos x), show that dy/dx = 1 + y?. 
Prove that d?y/dx? is zero only when y = 0. [JMB] 
43 If y = sin?(x? + 1), find and simplify dy/dx. [AEB] 
44 If y= 1—cos2t and x = ./1 + t?, show that 
1+ 17)si 
dy 2/( + t*) sin 2t [AEB] 


dx t 
45 If x =cot@ and y =sin79@, find dy/dx in terms of 6 and show that 
d?y/dx? = 2sin? Osin 306. [JMB] 


11 
Some applications of differentiation 


11.1. The derivative as a rate measurer 


In this chapter, we shall apply our knowledge of the derivative of a function 
to a variety of problems. There are several interpretations of the derivative, 
but most of the following applications are based on two of these, namely, 
as measuring the rate of change of the function with respect to the variable, 
or as measuring the gradient of the tangent to the graph of the function at 
a particular point. We begin by using the first interpretation. 


Example 1 At what rate is the area of a circle changing with respect to its 
radius when the radius is 1 cm? 
If r cm denotes the radius and A cm? the area of the circle, 


A = mr? 
dA 
ay = 2ur 
Therefore, when r = 1 cm, 
dA 


7d 2x cm?/cm_ (Note the units) 


Example 2 The radius of a circle is increasing at the rate of 0-1 cm/sec. At 
what rate is the area increasing at the instant when r = 5 cm? 

As before, A = mr? and is given as a function of r, which itself is a function 
of the time t (since r changes with time). Therefore 


dA _dA dr 
dt dr dt 
= 2ar x 0:1 
Thus, when r = 5 cm, 
dA 


— =2nx 5x01 cm? 
de mx5x cm~/sec 


= 7m cm?/sec 


Therefore, the rate of change of area when r = 5 cm is x cm?/sec. 
197 
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Example 3 Water is poured into a vessel, in the shape of a right circular 
cone of vertical angle 90°, with the axis vertical, at the rate of 8 cm?/sec. 
At what rate is the water surface rising when the depth of the water is 
4 cm? 

Let the depth of the water after t sec be x cm, and the volume of water 
in the vessel at this time V cm. Let the radius of the water surface at this 
time be y cm (Figure 11.1). 


| 
| 

SY ae 
f 
| 1am 
L458? ¥ 


Figure 11.1 


The volume of water in the vessel is V cm3= 4ny?x, but since the semi- 
vertical angle is 45°, x = y. Therefore 
V =4nx3 


The rate of increase of V with respect to t is 8 cm?/sec, that is 


dV 
arias 8 cm3/sec 
But 
av _dV dx _ 2x 
dt dx dt dt 
Therefore, the value of dx/dt when x = 4 cm is given by 
dx 
—=8 
16x di 
dx 1 
a oe. cm/sec = 0-159 cm/sec 


Exercises 1la 


1 The length | m of a particular rod at temperature t°C is given by 
1 = 2 + 0-000 0274t + 0-0000000446r?. Find the rate at which / is 
increasing with respect to t when t = 100°C. 

2 A spherical balloon is inflated by pumping air into it at the rate of 
80 cm?/min. Find the rate at which the radius is increasing when the 
radius is 4 cm. 

3 The radius of a sphere is increasing at the rate of 0:1 cm/sec. When 
r= 5 cm find the rates at which the surface area and the volume are 
increasing. 

4 A gas expands according to the law pu = constant, where p is the pressure 
and v the volume of the gas. Initially, v = 1000 m? and p = 40 N/m?. 
If the pressure is decreased at the rate of 5 Nm~? min“, find the rate at 
which the gas is expanding when its volume is 2000 m?. 
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5 The distances u and v of an object and its image from a lens of focal 
length f are related by the formula 1/v + 1/u = 1/f. An object 5 cm from 
a lens whose focal length is 2-5 cm is moved towards the lens at a speed 
of 10 cm/sec. Find the speed with which the image begins to recede from 
the lens. 

6 Gas is escaping from a spherical balloon at the rate of 30 m?/min. How 
fast is the radius decreasing when the radius is 3 m? 

7 At what rate is the surface area of the balloon decreasing in question 6? 

8 Water is running out of a conical funnel at the rate of 1 cm?/sec. The 
radius of the base of the funnel is 5 cm and its height is 10 cm. Find 
the rate at which the water level is falling when it is 4 cm from the top. 

9 A kite, 25 m above the ground, is being carried horizontally by the wind 
at a speed of 3 m/sec. At what rate is the inclination of the string to the 
horizontal changing when SO m of string are out? 

10 The radius of a sphere is r cm after t sec. Find the radius when the rate 

of increase of r and the rate of increase of the surface area are numerically 
equal. 


11.2 Some applications to kinematics 


If a body, moving in a straight line, has travelled a distance s after time t, 
then the rate of change of s with respect to time will be the speed, v, of the 
body 


ya? 
~ dt 


In the same way, the rate of change of the speed with respect to time will 
be the acceleration, a, of the body 


dv d /ds d2s 
a= F-o(F)= 5 (11.2) 


An alternative expression for a may be obtained as follows: 
We may regard v as a function of s, which is a function of t. Thus, by 
the function of a function rule for differentiation, 
_dv_ dv ds 


dt ds dt 


(11.1) 


a=v— (11.3) 


It is conventional in dynamics to denote differential coefficients with respect 
to time by dots placed above the dependent variable. Thus ds/dt is denoted 
by s, d?s/dt? by §. With this notation, 

v=s a=v=S=0 ap 

- ~ ds 
Example 1 A body moves in a straight line so that the distance moved s m 
after time t sec is given by s = ¢? — 2t? +t. Find an expression for the speed 
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of the body at time ¢, and find the times at which the body is at rest. What 
is the acceleration of the body at these times? 


s=t?—2t7+t 
therefore 
v=S=3t?—4t+1 
When v = 0, t satisfies the equation 
3t7-4t+1=0 
(3t — 1\(t-— 1) =0 
therefore 
t=4; or t=1 


The body is at rest after times } sec and | sec. 
The acceleration of the body after time t sec is given by a= v = 6t — 4. 
Therefore 


whent=4 a=2—4= —2 m/sec? 
whent=1 a=6—4=2 m/sec? 


Example 2 The speed of a body varies inversely as the distance it has moved. 
Show that its acceleration is proportional to the cube of its speed. 
With the usual notation 


k . 
v=-— where k is some constant 
S 


Therefore 
dv —k vk 
a= 0S =0(=) - = 
vk ; k 
a= ko? since s = ; 
a= —vw/k 


which proves the result. 

So far we have dealt with a body moving along a straight line. The same 
mathematics can be applied to a body rotating about a fixed axis. If 6 is 
the angle through which the body has turned after time t, the angular speed, 
w, of the body is given by 


o=— (11.4) 


Q=——=—5 =0— (11.5) 
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Exercises 11b 


1 A body moves a distance s m in t sec along a straight line, where 
s = 3t°. Find the speed and acceleration of the body after 2 sec and after 
t sec. 

2 The speed v m/sec at time t sec of a body moving along a straight line 
is proportional to t°. Find the speed of the body after 2 sec if its 
acceleration is then 12 m/sec?. 

3 The distance s cm moved by a body after ¢ sec is given by s = t? — 3t. 
Find its speed after t sec. After what time(s) is the body at rest? 

4 Find the acceleration a of the body in question 3 at any time t sec. When 
is the acceleration zero? 

5 A body moves in a straight line so that the distance s m travelled after 
time t sec is given by s =t? —4t? + 4t. Find the two positions of the 
body when it is momentarily at rest. What is the acceleration of the body 
at these times? 

6 A particle moves along a straight line so that its distance s cm from a 

fixed point after time t sec is given by s = sinnt, where n is a constant. 

Show that its acceleration is proportional to s and directed towards the 

fixed point. 

Show that the speed of the particle of question 6 is given by n,/(1 — s?). 

The distance s, moved along a straight line by a particle, after time t is 

given by s = 4t*. Show that its speed v and acceleration a satisfy the 

relation, a? = 27v?. 

9 If the speed of a body is proportional to the cube of the distance it has 
travelled, show that its acceleration is proportional to the fifth power of 
the distance travelled. 

10 A body is rotating about a fixed axis so that the angle 6, through which 
it has rotated after time t sec is given by 0 = bt + at?. If w denotes the 
angular speed of the body and Q the angular acceleration of the body show 
that 


on 


w? — b? = 206 


11.3 Approximations 


The derivative of a function is defined as 


It follows that if we write dy/dx = dy/dx + a, then the quantity « approaches 
zero as 6x approaches zero, so that if 6x is small so also is «. Thus, we may 
write 


by = 2. dx + 08x 


The second term on the right, being the product of two small quantities, 
will be negligible in comparison with the first term. Thus 
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dy & 7 ox (11.6) 


Figure 11.2 shows the graph of the function y = f(x). P is the point (x, y), 
Q the point (x + 6x, y + dy). Thus, the change in the function dy as x changes 
to x + 6x is given by the length of QN. 


py X 





Figure 11.2 


If PT is the tangent to the curve at P, then provided 6x is small QN = TN 
so that dy = TN and since 


TN = PN tan TPN = 6xf‘(x) 
oy = f(x) dx = ox as before 


Example 1 Given cos 45° = 1/,/2 = 0-7071, calculate the value of cos 45° 1’. 
Consider the function y = f(x) = cos x. Then 
f(x) = —sinx (provided x is measured in radians) 


Thus, if x = 7/4, 





bx =l'= - x zp radian 
and so 
SiS Sl ee by ATS) 
60 180 
nt 
~~ 0800/2 — =e 
Therefore 


cos 45° 1’ x y+ dy 
= 0:7071 — 00002 
cos 45° 1’ = 0:7069 approximately 


Example 2 The strength of the magnetic field due to a current / amp in 
a wire in the form of a circle of radius r cm, at a point x cm from the centre 
of the circle and on the axis of the circle, is given by 

2 


alr 
272 gauss 


he ae 
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If J = 10 and r = 4, find the approximate change in H when x changes from 
3 cm to 2:9 cm. 





- nr? 

© S(r? + x7)32 
dH _ 3nIr?x 
dx ~  5(r? + x2)5?? 


therefore 

xf SUNtX 

~ 5(r2 + x?)5/2 

When x = 3, 6x = —0:1, r=4 and I = 10. Therefore 
3x x 10x 16x 3 1 


6H x dx by (11.6) 





H~—- aneaets 
5x 2552 ~~ 10 
1440 
= 5x 31250 ~ 70789 


Thus, the magnetic field increases by approximately 0-029 gauss. 


Example 3 The value of g, the acceleration due to gravity, is determined 
by means of a simple pendulum of length | cm. The period T sec of the 
pendulum is measured and g is calculated from the formula T = 2n,/(I/9). 
The experimenter feels that he is able to measure / accurately but realises 
that his measurement of T is subject to an error of 1 per cent. What is the 
percentage error in the calculated value of g? 

From the above formula for T 


4n?] 
= TT. 
However, since T is subject to the error 6T = T x 7Go, the experimenter will 
calculate the value g + 6g, where 6g is the error in g given by 


dg 
6g = ——6T 
9~ aT 





4n71 
6g =~ —2x Z) x 00 
2 471 2 





~~ 100" 7? ~~ 1009 

The percentage error in g is thus approximately 2% and is opposite in sign 
to the error in T. 

Exercises llc 


1 tan 45° = 1, cos 45° = sin 45° = 1/,/2. Evaluate tan45° 1’ to four decimal 
places. 

2 Using the values sin 45° = cos 45° = 0-:7071, determine the values of 
sin 45° 1’ and cos 45° 1’. Use these two values to determine sin 45° 2’ and 
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cos 45° 2’ and then calculate sin 45° 3’ and cos 45° 3’. [In this way, we could 
construct a complete table for sin @ and cos @ at 1’ intervals for @. In fact 
the same calculation is carried out each time with slightly different 
numbers. This is just the type of calculation which an electronic computer 
can handle very rapidly and efficiently. ] 

3 The radius of a circle increases from 2 cm to 2:03 cm. Find the approxi- 
mate increase in its area. Find the actual increase. 

4 The volume of water in a hemispherical bowl of radius 12 cm is given 
by V = 4n(36x? — x3), where x cm is the greatest depth of the water. 
Find the approximate volume of water necessary to raise the depth from 
2 cm to 2:1 cm. If the water is poured in at the constant rate of 3 cm/sec, 
at what rate is the level rising when the depth is 3 cm? 

5 Find the approximate percentage change in the volume of a cube of side 
x cm caused by increasing the sides by | per cent. 

6 The radius of a spherical balloon is decreased from 10 cm to 9:9 cm. Find 
the approximate change in its volume. 

7 Find the approximate change in the surface area of the balloon of 
question 6. 

8 The volume of a gas expanding adiabatically is related to its pressure 
p by the law pv’ = constant (where y is a constant). If dp and dv denote 
corresponding small changes in p and v respectively, show that 
op dv 
lca 

9 The area of a triangle is calculated from the formula A = 3ab sin C with 
the usual notation. The sides a and b are measured accurately as 10 cm 
and 12 cm, but C is subject to an error of anything up to +4° about 
the measured value of 40°. Find approximately the maximum error in A. 

10 y = x’. If x is decreased by 0:2 per cent, find the approximate percentage 
decrease in y. Hence find an approximate value for (99-8). 


11.4 The tangent and normal to a curve 


f(x) measures the gradient of the tangent to the curve y = f(x) at the point 
with abscissa x. The gradient of the tangent at the point with abscissa x, 
is then f’(x,). Thus the equation of the tangent to the curve at the point 
(x, 1) on the curve is by (18.6) 


y—Yi = F(x) — x4) (11.7) 

The normal to the curve at the point (x,, y,) on the curve is the line through 

this point perpendicular to the tangent to the curve. The gradient of the 
normal is thus — 1/f‘(x,) and the equation of the normal is, by (18.6), 


y-yV1 mes aa (11.8) 
Example | Find the equation of the tangent and normal to the curve 
y = 3x? — 5x at the point (1, —2) 
y = f(x) = 3x? — 5x 
f(x) = 6x —5 
f(1)=6.1-5=1 
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Therefore, the tangent at (1, —2) has the equation 
y—(—2) = 1(x-1) 
y+2=x-1 
y=x-3 
The normal at (1, —2) has the equation 
y—(—2) = -1(e-1) 
y=-x-1 


Example 2 Find the equation of the tangent to the circle x? + y? = 2a? at 
the point (a, a). 


Pi = 20" 


therefore 
d 2 d 2 
G+ 07) =0 


d 
2x + 2y = 0 


Thus at the point (a, a), 
dy 
ao 


Therefore, the tangent to the circle at (a, a) has the equation 


y—a= —(x—a) 
y= —-—x+2a 


Example 3 Find the equation of the tangent to the curve y = 2x?-x +3 
which is parallel to the line y = 3x — 2. 


y =f (x) =2x?-x+3 
therefore 
SY _ rx) = 4x—-1 
dx 
The line y = 3x — 2 has the gradient 3 
f'(x)=3 when 4x—1=3 ie. x=1 
Thus the point of contact of the required tangent is (1,4). Therefore the 
equation of this tangent is 
y—4=3(x-1) 
y=3x+1 


Example 4 Find the equation of the tangent to the curve 27y” = 4x° at the 
point (3p?, 2p’). 
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We see that x = 3p”, y = 2p? are parametric equations for the curve 


27y? = 4x? since 


27(2p*)? = 108p® and 4(3p?)? = 108p® 


The tangent at the point with parameter p has gradient 


dy dy /dx 
dx dp/ dp 


= 6p7/6p = p 


Thus the tangent has the equation 


y — 2p? = p(x — 3p’) 
y=px—p° 


Exercises 11d 


1 


Find the equation of the tangent and normal to the curve y = 3x? — 6x + 1 
at the point (2, 1). 


2 Find the equation of the tangent and normal to the curve y = x? — 3x? + 2 


a 


at the point (1, 0). 

Find the equations of the tangents to the curve y = x(x — 1)(x — 2) at the 
points where it crosses the x-axis. 

Find the equation of the tangent to the hyperbola x? — y? = 16 at the 
point (5, 3). 


5 Find the equation of the tangent and normal to the curve x? + xy . yr =3 


at the point (1, 1). 


6 Find the equations of the tangent and normal to the curve y” = 4ax at 


~ 


6 


the point (a, 2a). 

Find the equations of the tangents to the curve y = x? —6x?+9x +4 
which are parallel to the x-axis. 

Find the equations of the tangents to the curve y = x? — 5x? + 8x +1 
which are parallel to the line y = Sx — 7. 


: : —1 ee 
9 Find the equation of the tangent to the curve yar which is 


perpendicular to the tangent at the point (1, —1) to the curve y = x? — 
4x +2. 


10 Find the equations of the tangents to the curve y = i which are 
x 


11 


12 


parallel to the line y = x. 


For the curve with parametric equations x = acos 6, y = asin@, show 
that dy/dx = —cot 6. Hence find the equation of the tangent to the curve 
at the point where 6 = 7/4. 

If x = at”, y = 2at, find the equation of the tangent to this curve at the 
point where t = 1 [cf. question 6]. 


13 Show that the points of intersection of the line y = mx + c and the curve 


y? = 4x are given by the solutions of the equation m?x? + 2(mc — 2)x + 
c? = 0. Hence show that if y= mx +c is a tangent to the curve then 
c = 1/m. [See also Section 20.4.] 


14 Show that the x-axis is a tangent to the curve y = xsin x. 
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15 Show that x = ct, y = c/t are parametric equations for the curve xy = c?. 
Deduce that the normal to the curve at the point with parameter t has 
the equation ty — t3x = c(1 — t*). 


11.45 The maximum and minimum values of a function 


Figure 11.3 shows the graph of a function y = f(x). The point A is called a 
local maximum of this function. The value of the function at A exceeds its 
values in a certain neighbourhood of A. Similarly, C is a local maximum 
and Ba local minimum. As can be seen, B is not the absolute minimum value 
of the function, the value at D for example being less than the value at B. 
This is the reason for the term ‘local’ minimum, although in much of the 
literature this word is omitted although generally implied. 





Figure 11.3 


The positions ofthe points A, B, C may be determined by using the property 
that the derivative is zero (the tangent is parallel to the x-axis) at local maxima 
or minima. 

To distinguish between local maxima and local minima, we shall examine 
the derivative in the neighbourhood of A and B respectively. Near A, the 
derivative is positive to the left of A, zero at A and negative to the right 
of A, ie. it changes sign from positive to negative as x increases. Near B, 
the derivative is negative to the left of B, zero at B, and positive to the right 
of B, i.e. it changes sign from negative to positive as x increases. Figure 11.4 
shows the graph y = f(x) together with the sign (or zeros) of its derivative 
marked on it. 

In those regions in which f'(x) is positive, we say that f(x) is an increasing 
function of x; in those regions in which f‘(x) is negative, we say that f(x) is 





Figure 11.4 
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a decreasing function of x; and at points where f'(x) is zero, we say that f(x) is 
stationary. In the case of local maxima and minima (see Section 11.6 for other 
cases) the stationary points are sometimes called turning points. We can state 
the following rules for determining the stationary points which are also (local) 
maxima and minima, ie. turning points, and for distinguishing between them. 


RuLE I At a turning point, f(x) = 0. 

Rue II At a local maximum, f(x) changes from positive to negative as 
x increases. 

RuLE III At alocal minimum, f’(x) changes from negative to positive as x 
increases. 


In practice we evaluate (or at least examine the sign of) f(x) for values 
of x just less than and just greater than its value at the turning point. 


Example 1 Find the nature of the turning points of the function y = x? — 
2x? +x4+4. 


d 
&Y = 3x? 4x41 
dx 


At the turning points dy/dx = 0, that is 


3x?-4x+1=0 
(3x — 1)(x —1)=0 
x=4 or x=1 


Consider the value x = 4. When x = 4 (a convenient value just less than 4) 


d 
> =3x-4xh¢1=% 
dx 

When x = 3 (a convenient value just greater than 4) 
d 
pen ee ear re eo eae 
dx 


Thus, since dy/dx changes sign from positive to negative, when x = 4, 
y is a maximum, the value of y being 


1 2 1 — 112 
ota tt = ay 


For the value x = 1. When x = 0:9 
dy ; : 
as 3 x 081-4 x09+1= —017 1s negative 
x 
When x = 1:1 


d ; a 

- = 3x 121—4x 11+ 1 =0-23 1s positive 

Thus when x = 1, y is a minimum, the value of y being 1—-2+1+4=4. 
A second procedure for distinguishing between maximum and minimum 

values may be obtained as follows. In the region of a maximum, f‘(x) changes 

sign from positive to negative as x increases. Thus f'(x) is a decreasing function 
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of x in the region so that f”(x) is negative. Near a local minimum, f’(x) is 
an increasing function so that f”(x) is positive. 

Hence at stationary points giving maximum values, f"(x) < 0; and at 
stationary points giving minimum values, f’(x) > 0. 

If at a stationary point f"(x) = 0, no conclusions can be drawn using the 
above argument and we have to resort to our original criterion for distin- 
guishing between maximum and minimum values. 

For the example just considered. 





vita. AD 
f (x) = dat = 6x —4 
When x = } 
2 

“2 =2—4= —2 is negative 
When x = 1 

d2 

aa =6—4=2 is positive 


Thus x = 5 gives a maximum and x = 1 gives a minimum for y. 
Example 2. Find the maximum and minimum values of y = x? — 6x? + 9x. 


d 
SY = 3x? 12x 4.9 
dx 


= 3(x? — 4x + 3) = 3(x — 1)(x — 3) 


Therefore, dy/dx = Owhen x = 1 or x = 3and these could give turning values. 


d?y 
ae = 6x — 12 
When x = 1 
d?y os ; 
—; = —6<0 giving a maximum value of 4 for y 
dx? 
When x = 3 


d2 
a2 = 18—12=6>0 giving a minimum value of 0 or y 
x 


Example 3 Rectangles are inscribed in a circle of radius r. Find the 
dimensions of the rectangle which has maximum area. 





Figure 11.5 
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Figure 11.5 shows the circle with one such rectangle ABCD inscribed in 
it. O is the centre of the circle. 

Let BC = 2x. Let E and F be the mid-points of BC and AB. Then since 
FB? = OB? — BE? =r?—x?, FB =,/(r? — x). Therefore AB = 2,/(r? — x’) 
and the area of ABCD is 


A = 4x,/(r? — x?) 
For the maximum value of A, dA/dx = 0, therefore 
4x? 
4. /(r?2 — x?) - ——__ = 


4(r? — x?) — 4x? 


so that 
x 
2 


When x <r/,/2, dA/dx is positive since then r?/2 > x?. When x >r/,/2, 
dA/dx is negative. Thus A is a maximum when x = r/,/2. [This method for 
distinguishing between maximum and minimum values is more convenient 
in this example than calculating d?A/dx?.] 

Thus A has a maximum when the rectangle has dimensions \/2r by ,/2r; 
i.e. it is a square. 


r?>—2x?7=0 ie. x= (only the positive value is valid) 


Example 4 The point X is 21 km south of the point Y. At noon a boy starts 
from X and jogs due east at 9 km/h. At the same time a second boy starts 
from Y and jogs south at 12 km/h. Find their least distance apart. 


= 
<«------~> 
oO 





X= 917A 
Figure 11.6 


At time t hours after noon, the first boy is at A, 9t km east of X, and the 
second boy is at B, 12t km south of Y (Figure /1.6). 
If d is their distance apart, 


d? = BX? + AX? 


= (21 — 12)? + 9t)? 
= 225¢? — 504r + 441 
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Since d is positive, d is a minimum when d? is a minimum, i.e. when 


d 

5 (a?) = 4508 — 504 = 0 
d2 

a? (d?) = 450 which is always positive 


Therefore, t = 3§ gives a minimum for d? of 





504 x 56 562 1008 x 56 56 x 504 
4A Se A a 
56 x 504 
= 441 "~~" = 158-76 
100 


Thus the minimum value of d = 12:6 km 


A further note on maxima and minima 


Although in most cases f’(x) will be zero at a maximum or minimum value, the 
essential property of such points is that f(x) should change sign. Figure 11.7 
shows the graph of the function y = 1 — x?/?; the sign of dy/dx is marked 
on the graph. This function has a maximum at x = 0 but dy/dx = 3x7 1/3, 
although it changes sign as x passes through 0, is not defined for x = 0! This 
is also true for the function y = |x|, whose graph is shown in Figure 9.3. 





Figure 11.7 


Exercises lle 


1 If y = (x — 1)(x + 2), find the maximum and minimum values of y. 
2 Find the maximum and minimum values of y = x(x — 1). 


3 Find the maximum and minimum values of y = Sar 

4 Find the maximum and minimum values of sint + 4cos 2t. 

5 Show that the maximum value of acos6 + bsin 0 is \/(a? + b?). Can you 
show this without using the calculus? What is the minimum value? 

6 Find the dimensions of the largest right circular cylinder which can be 
cut from a sphere of radius r. 

7 An isosceles triangle of vertical angle 26 is inscribed in a circle of radius r. 
Find an expression for the area of the triangle as a function of 6, and 
show that this is a maximum when the triangle is equilateral. 
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8 A right circular cone is constructed to have a total surface area A. Show 
that its volume V = 4r,/(A? — 2x Ar’), where r is the radius of its base. 
Hence show that the largest such cone has semi-vertical angle 
arctan (1/2,/2). 

9 The force exerted on a small magnet placed at a distance x from the centre 
of a plane circular coil of radius a, and along the axis of the coil is 
proportional to x/(x? + a?)*/? when an electric current flows in the coil. 
Show that the force is a maximum when x = 4a. 

10 A man is situated at A, a km from a road XY (Figure 11.8). He wishes 
to reach the point Y where XY = b km. His speed on the road is u km/h, 
and his speed across country is v km/h (u> v). If he wishes to reach Y 
as quickly as possible, find the position of the point P where he joins 
the road. 


A 
A 
' 
a| 
1 
xX P Y 
«---—--——-- -—S> 
b 
Figure 11.8 


11.6 Points of inflexion 
Consider the function y = x3(x — 4) = x* — 4x?. 


oe 4x3 — 12x? = 4x*(x — 3) 
x 


Doo when x=0 or x=3 

dx 
Near x = 3, dy/dx changes sign from negative to positive as x increases 
through the value 3. Thus x = 3 gives a minimum value of —27 for y. 
Near x = 0, dy/dx is negative for x just below zero, is zero when x is zero, 
and is negative again for x just greater than zero. Thus, although dy/dx is 
zero, since dy/dx does not change sign as x passes through this value, this 
point gives neither a maximum nor a minimum value for y. 

Figure 11.9 shows the graph of the function y = x3(x — 4). The sign of dy/dx 
is indicated on the graph. 

At B the function has a minimum value and at the origin there is a point 
called a point of inflexion. At such a point, the graph of the function changes 
from being concave up to concave down or vice versa. (In our particular 
case, it is the former.) As the value of x increases through zero, the derivative 
changes from negative to zero, and then to negative again, i.e. at O the 
derivative has a maximum. This is true quite generally; at a point of inflexion 
the derivative has amaximum value or a minimum value. This latter condition 
enables us to give a criterion for finding points of inflexion, for at points 
at which dy/dx is a maximum or a minimum 
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Figure 11.9 


d?y 

> 0 and changes sign 
This is the case in our present example where 

d2 

SY = 12x? — 24x = 12x(x — 2) 

dx 


which vanishes and changes sign at the origin from positive to negative. 
Although it is so in the example chosen, it is not necessary that dy/dx be 
zero at a point of inflexion (see Figure 11.10). In Figure 11.10a, the curve 


Jy y 


(a) (b) 
Figure 11.10 


has a point of inflexion at A; dy/dx is a maximum. In Figure 11.10b, the 
curve has a point of inflexion at B; dy/dx is a minimum. In both cases, 
d?y/dx? = 0 and changes sign but dy/dx #0. 

To sum up the results of this and the previous section: 


2 
If 2 =0 and 3 <0, there is a maximum value. 
2 
If 2 =0 and 3 > 0, there is a minimum value. > (11.9) 
d?y : 
If ae 0 and changes sign, there is a point of inflexion. 


~ 


Example 1 Find the maximum and minimum values and the points of 
inflexion of y = x? — 6x? + 9x + 1. 
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OY 3 = 19 4S 3 19) 


therefore, dy/dx is zero when x = 1 or when x = 3 
2 


d*y 
Gx? = Ox — 12 


When x = 1 


When x = 3 


d?y/dx? = 6x — 12 is zero when x = 2 and changes sign. Thus 


when x=1  y has a maximum value of 5 
when x =3  y has a minimum value of 1 


and there is just one point of inflexion at the point (2, 3). 
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1 Find the position of the point of inflexion of the curve y = 2x? — 5x? — 
4x+1. 

2 Find the positions of the points of inflexion of the curve y = 3x*— 
4x3 +2. 

3 Find the positions of the turning values and the point of inflexion of 
the curve y = x? —2x?4+x+3. 

4 Show that for the curve y = x°, d?y/dx? = 0 and changes sign at the 
origin. Plot the graph. 

5 Show that for the curve y = x*, d?y/dx? = 0 but daes not change sign at 
the origin. Plot the graph. 


11.7 Curve sketching 


On many occasions it is useful to make a rough sketch of a curve without 
plotting a large number of its points. Outlined below is a systematic procedure 
which should enable the shape of the curve to be obtained. It is not always 
necessary to consider every point detailed below. 


(i) Determine if the curve is symmetrical about either of the co-ordinate 
axes. If its equation involves only even powers of x, it will be symmetrical 
about the y-axis; if only even powers of y are involved, it will be 
symmetrical about the x-axis. 

(ii) Examine the behaviour of the function for large positive and large 
negative values of x, i.e. examine y as x > + 00. 

(iii) Seek values of x for which y is not defined. Some common examples 
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will be values of x which make the denominator of a rational function 
zero or which make y” negative. 

(iv) Find the value of y when x = 0, and if convenient the value(s) of x 
when y=0. This will give the points where the curve crosses the 
axes. 

(v) Calculate dy/dx and examine its sign. Where dy/dx is positive, the graph 
will slope up from left to right; where dy/dx is negative, the graph will 
slope down from left to right. 

(vi) Find the turning points and points of inflexion. 


Example 1 Sketch the curve y = x* — 24x? + 64x + 10. 

(i) There is no symmetry about either axis. 

(ii) When x + + 00, y— 00, the dominant term being x‘. 

(iii) y is defined for all x. 

(iv) y = 10 when x = 0. y = O when x satisfies x* — 24x? + 64x + 10 =0 
and this equation is not easily solved. 

(v) dy/dx = 4x? — 48x + 64 = 4(x? — 12x + 16) 

= 4(x — 2)?(x + 4) 

Therefore, dy/dx is positive for x > —4 and negative for x < —4since (x — 2)? 
is always positive. 


(vi) dy/dx is zero when x = 2 or x = —4 
d2 
= = 12x? — 48 = 12(x — 2(x +2) 
When x = —4, dy/dx? = 144>0 so x = —4 gives a minimum value of 
— 374 for y. 
When x = 2, d*y/dx? is zero and changes sign. Thus x = 2 gives a point 
of inflexion with the tangent parallel to the x-axis. x = —2 gives a second 


point of inflexion. The curve is sketched in Figure 11.11. 





Figure 11.11 


Example 2. Sketch the curve y? = x. 
(i) The curve is symmetrical about the x-axis. 
(ii) When x > 00, y > 00; when x > — 00, y is not defined. 
(iii) y is defined only if x is not negative. 
(iv) y = 0 when x = 0. The curve passes through the origin. 
(v) With y? = x, 2ydy/dx = 1, ie. dy/dx = 1/2y. Thus when y is positive 
(negative), dy/dx is positive (negative). 
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(vi) dy/dx is never zero so there are no turning values, but at the origin 
dy/dx — oo as yO, ie. the curve is vertical. It is shown in Figure 11.12. 


y 


Figure 11.12 


2x+1 
x-1- 

(i) There is no symmetry about either axis. 

(ii) When x > + oo, y—2. For large (positive or negative) values of x the 
graph approaches the line y = 2. (A horizontal asymptote.) 

(iii) y is defined for all x except x = 1. When x is just less than one, y is 
large and negative; for x just greater than one, y is large and positive. x = 1 
is a vertical asymptote. 

(iv) When x = 0, y = —1 and when y = 0, x = —3. 


dy (2x—1)—2x-1 | 3 
dx (x—1? ~~ (x—1)? 


Therefore, dy/dx is always negative, and since it is never zero there are no 
turning values. The curve is shown in Figure 11./3. 





Example 3 Sketch the curve y = 


(v) 


ny 


(0,2)| 





ee ane 


(1,0) 


Figure 11.13 
2 
x?—1 
(i) The curve is symmetrical about the y-axis. 





Example 4 Sketch the curve y = 





(ii) When x > + oo, y 1. Indeed, y= 1+ so for large x the curve 


x? —1” 
approaches the horizontal asymptote y= 1 from above the asymptote 
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whether x is positive or negative. The last point is also clear from the 
symmetry. P 
x 
iii) y = —_—-——— is defined for all x except x = 1 or x = —1 when 
tN) = ee , 
the denominator is zero. When x is just less than — 1, y is large and positive. 
When x is just greater than —1, y is large and negative. When x is just less 
than 1, y is large and negative, and when x is just greater than 1, y is large 


and positive. The lines x = —1 and x = 1 are vertical asymptotes. 
(iv) When x = 0, y = 0. 
dy _ —2x 
(v) . This is zero when x =O and changes sign from 


dx (x? — 17 
positive to negative as x increases through the value zero. Hence there is a 
maximum value when x = 0. The curve is sketched in Figure 11.14. 








xe x=) 








Figure 11.14 


Exercises 11g 


Sketch the curves 
1 (i) y = x?, (ii) y = 2x?, (iii) y = —2x?, (iv) y= x? +1, (v) y= x? -3, 
(vi) y = 6x? + 1, (vii) y = —3x? +1, (viii) y = —2x? — 4, (ix) y = ax? +b. 
2 (i) y =(x - 1), (i) y = Ax - 1)? (iii) y = —2(x—1),(iv)y = (x- 1)? +1, 
(v) y =(x- 2)3, (vi) y = (x + 1), (vii) y = 6(x + 1), (viii) y = —2(x — 2), 
(ix) y= 2(x = 2)? +3, (x) y= 3(x — 22 +8, (xi) y = —(x — 5)? + 4, (xii) 
= ae — by? +c. 


3 (i) y ®, fai) y = x%, iii) y = x*, (iv) y = x®. 
4(i) y= ee (ii) y = —3x°3, (ii) y = x? +2, Gv) y= 8 - 6 Wy = +5, 
(vi) y = ax * +b, (vil) y= 3x4 — 4, (viii) y = 3(x — 1) + 4, (ix) y = 6(x — 2)* 4 3, 


(x) y=(x—1)? —7. 

5 (i) y = x(x — 1), (ii) y? = x(x — I), (iii) y = x? (x — DB), (iv) y? = 7° — 0, 
(v) y= x(x — IG — 2), (vi) y? = x(x —1)(x—2), (vii) y = x(x — 2), 
(viii) y? = x(x — 2)?. 

6 (i) y=x?—-6x—7 7, Gi) y = 3 = 7x + 4x?, 

7 (i) y=x3 = 6 44, (ii) y = x5 ~— S5x* + 5x3 —2. 

8 y? = x3 (pay particular attention to the form of the curve near the origin). 
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9 OW =a (i) Y= Gi) y= 
x x+1 x—2 
Oe aa lair Ws 1 I= 3 
(vii) _ 2x41 (viii) _x-4 (ix) _ x? —12x +27 
aa ae yO NTS 4x45 
x) _ 2x? +4x47 
ye Fox t5 


10 Sketch the curve y = x". Consider four cases: (i) n is a positive even integer, 
(ii) n is a positive odd integer, (iii) n is a negative even integer and (iv) n is 
a negative odd integer. 
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1 Water is poured into a hemispherical bowl of radius 6 cm at a rate of 
5 cm3/sec. At what rate is the water rising in the bowl when the depth 
of water is 2 cm? (The volume of a cap, of a sphere of radius R, whose 
height is h is th?(R — h/3).) 

The distances u and v of a point and its image from a lens of focal length 

fare connected by the relation 1/u + 1/v = 1/f- If = 10 cm and the object 

is moved towards the lens at 2 cm/sec find the speed of its image when 
this is 25 cm from the lens. 

3 The efficiency of an engine is given by E = 100(1 —r7 '/*) where r is the 
compression ratio. Find the rate at which E is changing with respect to r 
when r = 7. 

4 A pipe delivers V m? of water in t sec, where V = 12¢ — t?/10. At what 

rate is the water delivered after 10 sec? 

Sand falling from a chute forms a conical pile whose height is always 

3} times the radius of the base. How fast is the radius of the base increasing 

when it is 3 m if the sand falls at the rate of 24 m?/min? 

A body moves along a line according to the law s = t? — 9t? + 24t. Find 

the positions of the body when its speed is zero and when its acceleration 

is zero. 

A particle moves along a straight line Ox in the time interval 0 <t <7; 

after t sec its distance from O is x m, where x = t + sin 2t. Calculate the 

values of t between 0 and xz when the direction of motion changes, and 
show that the particle always remains on the same side of O. Find also 
the times at which the acceleration is zero. Sketch the graph of x for 

0 <t<z, and state the largest value of x in this interval. [JMB] 

8 A vehicle moves from rest on level ground in such a way that its speed 
is v m/sec; when it has covered a distance x m, x is given by the relation 


N 


74] 


“a 


a | 


2 
x= io Sketch a graph showing v as a function of x, and show that the 


acceleration of the vehicle is es De m/sec? [JMB] 
2(120 — v) ; 


9 The period of oscillation of a pendulum is calculated from the formula 
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T = 2n,/(I/g), where | is the length of the pendulum and g the acceleration 
due to gravity. Find the percentage error in the calculated value of T 
if g is taken to be 1000 cm/sec? instead of 980 cm/sec?. 

10 The side of a triangle is calculated by means of the formula a? = b? + c? 
—2bccos A. If an error of 1° is made in the measurement of A, find the 
approximate error in the calculated value of a when b = 10cm, c = 15cm 
and A = 60°. 

11 The pressure p units and the volume v units of an expanding gas are 

related by the law pv! * = k, where k is a constant. If the volume increases 

by 0-3 per cent, estimate the percentage change in the pressure. 
[JMB, part] 

Prove that the gradient of the curve y = x° + 6x? + 15x + 36 is positive 

for all values of x. Show that the curve has a point of inflexion when 

x = —2, and state the gradient of the curve at this point. Write down the 

equation of the tangent to the curve at the point where x = 0, and find 

the co-ordinates of the point where this tangent meets the curve again. 
[JMB] 

13 Find the abscissae of the points on the curve y = x? — 3x? —2x +1 at 
which the tangent is equally inclined to the co-ordinate axes. 

14 Find the equation of the tangent to the curve y? = $x?(x + 1) at the point 
(2, 2). Show that this tangent intersects the curve again at a point R and 
that it is the normal to the curve at R. 

15 The curves (i) x? — y”? = 15, and (ii) xy = 4 intersect at a point in the first 
quadrant. Find the equations of the tangents to both curves at the point, 
and show that they are at right angles to one another. [WJC] 

16 If y is such that dy/dx = x3(x — 1)?(x? + 1), find the values of x for which 
y has stationary values and state the nature of the stationary values. 

[WIJC, part] 

17 The curve whose equation is y = ax? + bx? +x +d has a point of in- 
flexion at (—1, 4), has a turning point when x = 2 and passes through 
the point (3, — 7). Find the values of a, b, c, d and the position of the other 
turning point. 


1 


N 


(x+4) 
18 Show that Ge + 1 has a maximum value of 0-945 approximately, and 
find its minimum value. [WJC] 


19 (i) Find the maximum and minimum values of the function tan 2x cot? x, 
and the values of x, in the range 0 < x <7, at which they occur. 
(ii) Find the maximum and minimum values of y, and the corresponding 
values of x if 9y? + 6xy + 4x? — 24y —8x+4=0. [WJC] 
20 A right circular cone is inscribed in a sphere. Prove that the volume of 
the cone cannot exceed 38 of the volume of the sphere. 
21 Show that the function f(x) = x!/"(1 — x’~1/”)!/2, where y(>1) is a con- 


2 yy-1 
stant, has a maximum when x = =.) ‘ 
y 
22 Find the maximum and minimum values and the points of inflexion of 


, and show that the points of inflexion lie on the line 





the function —; 
x*+1 


4y =x. 
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23 


24 


25 


26 


27 
28 


29 


30 


31 


32 


33 


34 


35 


18 
Find the stationary values of the function f(x) = 1 — Pi + a and deter- 
mine their nature. Sketch the curve y = f(x). [LU] 
A tree trunk is in the form of a frustrum of a right circular cone, the 


radii of the end faces being a and b respectively (a > b) and the distance 
between these faces being |. A log in the form of a right circular cylinder 
is cut out of the trunk, the axis of the cylinder being perpendicular to 
the end faces of the frustrum. Show that, if b < 2a/3, the volume of the 
log is a maximum when its length is al/3(a — b). If b > 2a/3, what is the 
length of the log when its volume is as great as possible. [LU] 
A right circular cone of semi-vertical angle 6 is circumscribed about 
a sphere of radius R. Show that the volume of the cone is given by 
V = 4nR? (1+ cosec 6)? tan?6 and find the value of 6 when V is a 
minimum. 

If y = 2sin x + tan x, prove that d?y/dx? = 2sin x(sec? x — 1). Show that 
for 0< x < 2/2 the gradient of the function is greater than 3, and that 
for 2/2 <x <7 the function has a turning point and is zero for a value 
of x other than z. Sketch these two branches of the graph of the function. 


(SUJB] 
Find the maximum and minimum values of the function x/(x? + 3x + 1). 
Sketch the graph of the function. ([SUJB] 


Find the abscissa of the point of inflexion on the curve y = ax? + bx? 
+ cx +d where a, b, c and d are constants. 





x? — 
Sketch the graphs of (i) y = = = > (ii) y = a (iil) y = St 
; - 2x? 44x +7 
Oe ae a ECE 
Find the equation of the tangent to the curve y = 1/x at the point (1,1) 


and the equation of the tangent to the curve y = cos x at the point (7/2, 0). 
Deduce that 1/x >cosx forO<x<27/2. [JMB, part] 
Sketch with the same pair of axes the graphs of the functions y = (x — 2), 
y =(x — 2)? +4, y = (x — 2)? — 4. Indicate on each graph the co-ordinates 
of the turning point and of the points where the graph crosses the axes. 
[JMB] 
A straight line of variable slope passes through the fixed point (a, b) in 
the positive quadrant. Its intercepts on the co-ordinate axes are p and q(p,q 
both positive). Show that the maximum value of p + q is (/a+ ,/b)?. 
Show that there is just one tangent to the curve y = x? —x +2 which 
passes through the origin. Find its equation and point of contact with 
the curve. 
A right circular cone is inscribed in a sphere of radius a. If its volume 
is a maximum, show that its altitude is 4a/3. In the cone of maximum 
volume a right circular cylinder is inscribed. Show that the maximum 
volume of this cylinder is 32/243 of the volume of the sphere. 


The efficiency of a jack is given by E = aia where @ is acute and 


A is constant. Show the maximum value of E is (1 — sin A)/(1 + sin A) 
and find the value of @ for which this occurs. 
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36 The area of the sheet metal used in the manufacture of a closed cylindrical 
can is 400 cm?. Find to the nearest cm3, the largest possible volume of 
the can. [AEB] 

37 A rectangle ABCD is inscribed in an equilateral triangle PQR of side 2a, 
the points A and B lying on QR, C lying on RP and D on PQ. Find 
the length of AB for which the area of the rectangle is a maximum. 

[LU] 

38 The equation of a curve is y=cotx—8cosx(0<x<z). Find the 

co-ordinates of the points on the curve where dy/dx = 0. Sketch the 





curve. [C] 

39 Find the co-ordinates of the points of intersection of the curves whose 
3(x —1 

equations are y = (x — 1)(x — 2), y= “ ) State or obtain (i) the co- 


ordinates of the turning point of the first curve; (ii) the equations of the 
asymptotes of the second curve. Sketch the two curves on the same 
diagram. [JMB] 
40 Sketch the curve y = x/(1 + x?), finding its turning points, showing that 
the origin is a point of inflexion and indicating the behaviour of y when 


x is large. [LU] 
41 Find the turning points on the curve y = cosx + 2cos}x for0< x <2n. 
Hence sketch the curve over this range. [AEB] 


42 Find the equations of the tangents to the curve 27y” = 4x? at the points 
P(3p?, 2p’) and Q(3q?, 2q?). Show that these tangents intersect at the point 
R(a, 8), where « = p? + pq + q?, B = pq(p + q). The points P and Q move 
along the curve in such a way that the tangents at P and Q are always 
perpendicular. Prove that R moves on the parabola y? = x — 1. 

[JMB] 

43 A right pyramid having a square base is inscribed in a sphere of radius 
R, all five vertices of the pyramid lying on the sphere. The height of the 
pyramid is x; show that the four vertices forming the base of the pyramid lie 
on acircle of radius r, wherer? = 2Rx — x?. Hence, or otherwise, show that 
the volume, V, of the pyramid is given by the formula V = 2x2(2R — x). 
If R is fixed but x may vary, find the greatest possible value of V. 

[C] 

44 The fixed points A, O, B and C are on a straight line such that AO = OB 
= BC = 1 unit. The points A and B are also joined by a semicircle of radius 
1 unit, and P is a variable point on this semicircle such that the angle 
POC is @. Calculate the value of 6 for which the area of the region R, 
bounded by the arc AP of the semicircle and the straight lines PC and 
AC is a maximum. Show that the perimeter of R is of length L=3+2 
— 0+(5—4cos6)'/*. Prove that L has just one stationary point and that 
this occurs at the same value of 6 for which the area of R'is a maximum. 
Find the greatest value and the least value of LZ in the intervalO <0 <x. 

[JMB] 

45 If y is defined in terms of x by the equation x? + y? — 3xy = 0, show that 
the graph of y has a turning point at (2!/3, 27/3). Determine whether this 
gives a maximum or minimum value of y. [O] 


12 
The logarithmic and exponential functions 


12.1. The logarithmic function y = log, x 


Figure 12.1 shows the graph of y = log; x. y is only defined for positive values 
of x. As x approaches zero, y becomes large and negative, changing very 
rapidly with respect to x. Thus when x = 0:01, y = —2; when x = 0:000001, 
y = —6, etc. As x takes on large positive values, y increases but only very 
slowly with respect to x. Thus when x = 100, y = 2; when x = 1000, y = 3; 
when x = 10000, y = 4, etc. When x = 1, y = 0. The general characteristics 
described above and the sketch of Figure 12.] are true for the function 
y = log, x, where a is any constant. 


AY y=log, x 





+ —~- X 





Figure 12.] 


We shall now evaluate precisely the derivative of the logarithmic function 
as opposed to the rather vague statements above. None of the methods of 
Chapter 10 is applicable to the function y = log,x and we have to resort 
to the method of differentiation from first principles. 

If y = log, x, y + dy = log, (x + 6x), therefore 


dy = log, (x + dx) — log, x 


x + 6x ox 
= log, ao = log, Scere 


dy 1 Ox 
Ee 14+ — 
5x dx oe,( ae ) 
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Therefore 


x/5x 
ay 2 ie) en log, (1+) (A) 
x 


dx 6x70 Ox X 6x0 


To evaluate jim: log,(1 + 5x/x)*/**, we replace x/6x by n. Then 6x > 0 is 


equivalent to n approaching infinity (n > oo) and the required limit may be 


written* 
1 lim {1+ at 
O08, oo i 


1 n 
A full investigation of lim (1 +3) is beyond the scope of this course. 
n 


noo 
. . 1\" 
For the present, we shall content ourselves with the evaluation of (: + ;) for 
n 


n = 10, 100, 1000, 10000. With the aid of six-figure logarithms or a calculator, 
we have 
(1 + q5)1° = 2:5936 
(1 + z49)'0° = 2:7046 
(1 + r050)0°° = 2:7164 
(1+ 1 yi obo = 2:7182 


A brief study of these results should convince readers that as n increases 


1 
1+ ;) is going to approach a limiting value between 2-5 and 3-0. A fuller 


noo 


1 n 
study of the problem reveals that lim (1 +3) = 2-718 28 to five decimal 


places. This number holds a very important place in all higher mathematics 
and is denoted by the symbol e. Although the above argument is at best 
tentative, the conclusion is correct and we have 


e= im (1+) = 2:718 28 (12.1) 


noo 


Thus, if we return to (A), we see that 
1 
cd (log, x) = — log,e (12.2) 
x x 


*We have taken lim(log...) = log(lim...). To prove this ‘apparently obvious’ result is 
beyond the scope of this course. 
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For a given value of a, log,e is, of course, just a constant. If a = e so that 
log.a = 1, we have the result 


a (log. x) = Zz (12.3) 
dx x 


y = log, x is called the natural logarithm of x. (The notation In x is also used 
to denote the logarithm of x to base e and is becoming increasingly popular. 
We shall, however, use log, x in all our workings, but In does occur in some 
of the chapter-end exercises derived from the examining boards.) 

We may, of course, calculate the logarithm of x to any base—for example, 
logarithms to the base 10 are very convenient for calculations—but natural 
logarithms are very important in the theoretical aspects of mathematics. So 
it is important to remember that the derivative of the logarithmic function is 
1/x only when the base is e, otherwise it is (1/x)log,e. 


Example 1 Find dy/dx if (i) y = log, 1/x, (ii) y = log, sec x. 
(i) y = log, 1/x = log, u, where u = 1/x 


dy _dydu 1 1 -~,(— ia! 
dx dudx u\ x?) “\x?}) x 


d 1 d 1 
= gg.) at os fe al 
E ( Og. ) dx (log. x) because log. = log, x| 





(ii) y = log, sec x = log, u, where u = sec x 





dy dydu 1 
‘dx = div dx = a ieee! 
dy 
ds: = tanx 
Example 2. Find dy/dx if y = log, x?. 
By (1.30) 
y = logyo x? = logge x log, x? = 0:4343 log, x? 
= 0-8686 log, x 
therefore 
dy 08686 
dx x 


Example 3 Find dy/dx if y = log, f(x). 


y = log. f(x) =log,u where u = f(x) 
dy dydu 1 


dx du dx mires () 
therefore 
d f(x) 
Rosi po geen 12.4 
x Hoe. fi] = a5 (12.4) 
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Exercises 12a 
Find dy/dx when 


1 y =log, 2x 2 y =log, 1/x? 3 y = log, sinx 
4 y=log.(ax + b) 5 y=log.J/(x—1) 6 y=log, tanx 
7 y=log.(secx+tanx) 8 y=log,sin?x 9 y=xlog.x—x 
1 
10 jue OBS 11 y = loge —— 12 y =cos x log, sin x 


13 Find dy/dx if x + y+ log, xy = 2. 
14 If y = (log, x)/x, show that dy/dx is zero when x =e. 
15 If y = xlog, x, find d?y/dx?. 


12.2. The exponential function 


The exponential function is the inverse of the logarithmic function. Thus if 
y =e*, x = log. y. Figure 12.2 shows a sketch of the function y = e*. The 
function y = a* possesses the same general characteristics. Figure 12.2 may be 
obtained directly from Figure 12.1]. 


Figure 12.2 


The derivative of the function y = e* is obtained using (10.17). Thus if 
y=e" 
then 
x =log.y 
therefore 


that is 





(12.5) 
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For the function y = a* it is convenient to write the constant a in the form 
a =e'°%4 Then 


y= C= (else ay = e* log, a 


To differentiate y with respect to x, we need the rule for differentiating a 
function of a function 


2 = ayy = log, a.e* 84 
that is 
d 
- = log, a.a® (12.6) 


Example 1 Find dy/dx when (i) y = e°**, (ii) y = (sin 2x) e*, 


(i) y = e°S* = e”, where u = cos x 
dy dy du ii : COSX gt 
ae aa die .(—sin x) = —e sin x 


(ii) y = (sin 2x) e?* 
Therefore, by (10.4) 


dy. d ox ay Migs 
ae sin 2x ax )+e qx (sin 2x) 
d d 
re (e?*) = Ts (e“) where u = 2x 
= -ey =e" x 2 = 2e?* 


d d 
~— (sin 2x) = — (sinu) where u= 2x 
dx dx 


: du 
qu sin) Pe cosu x 2 = 2cos2x 
Therefore 


2 = 2e7* sin 2x + 2e?* cos 2x = 2e?*(sin 2x + cos 2x) 
x 


Example 2 If y = e°*, show that d?y/dx? — Sdy/dx + 6y = 0. 
With y = e>* 


x = < ey where u = 3x 
= 3e2* 
d?y d 


de = 3 (e°*) = 9e3* 
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Therefore 

dy dy 

Boi eh a 5 eer = 3x 3x 3x _— 
ag ag 9e 5 x 3e°* + 6e 0 
Example 3. Find dy/dx if y = ef. 


y=e*) =e" where u = f(x) 


dy dydu |, 
dx du regi a 
d x “i x 
a [ef] = f'(x) eh (12.7) 
Exercises 12b 
Find dy/dx when 
1 y=e** 2y=e™ 3 y=erin™ 
4y=e™* 5 y=e™t 6 y=2* 
Ty=3" 8 y= e*cosx 9 y=xe 
e* 
= OT = x _ —x2—: 2 
10 y fren 11 y =e" log, x 12 y=e*'sinx 


13 If y = ae’* + be ”* show that d?y/dx? = py. 
14 If y = e?* show that d*y/dx? — 3dy/dx +2y =0. 
15 Find m if y = e™ is such that d?y/dx? — 3 dy/dx — 4y = 0. 


12.3 Logarithmic differentiation 


Logarithmic differentiation is the name given to a particular technique which 
can be very useful in helping us to obtain the derivatives of certain functions. 
The technique is illustrated by the following examples. 


Example 1 Find dy/dx if y =e’. 
With y = e*’, we first take logarithms on each side to give 


log. y = log. (e*’) =x? 


On differentiating this with respect to x, we have 


= (log.y) = £ x) = 3x? 


dx dx 
d dy oats 
dy (108:) i 3x 
Therefore 
1 dy* 
~—- = 3x? 
y dx a 


* The result d/dx(log, y) = (1/y)dy/dx should be memorised once it is thoroughly under- 
stood how to obtain it. 
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so that , 
a y x 3x? = 3x2e* 
dx 
This same result can be obtained by (12.7). Consider, however, the next 


example. 


Example 2. Find dy/dx if y = x*, where (12.7) cannot be used directly. 
We have log, y = log, x* = xlog, x by (1.29), therefore 


d d 
ae (log. y) = ac (x log. x) 


1 dy d d 
ane XG, (loge x) + loge xs () by (10.4) 
pis x(+) + 108,00 =1+log.x 
y dx x 
2 = y(1 + log. x) = x*(1 + log, x) 


In order to apply (12.7), we would first have to write x in the form x = e!°®*. 
Then (e*!8*)* = e*'°8e*, Expression (12.7) then yields the result above. 

These examples indicate one class of function for which the technique of 
logarithmic differentiation is appropriate, namely, those functions which 
contain a power that involves the variable, although if powers of e are involved 
(12.7) is more direct. The properties of logarithms sometimes make the 
method of value in dealing with algebraic functions. 


x—-1\'8 
Example 3 Find dy/dx if y = (25+) 
x4+1 


The complications involved in differentiating this function arise from the 
cube root and the quotient. The technique of logarithmic differentiation 
removes them, as follows: 


x-1\'8 1. x-1 
logey = log, (==) re) by (1.29) 


logey = 3[loge(x ~ 1) —loge(x-+1)] by (1:28) 


Therefore 





ldy 1/1 1 \_ 2 
ydx 3\x—-1 x41) 3(x—DF)) 


dy 2 x—1\' 
dx 3(x?—1)\x+1 


Readers should verify this result by other methods. 
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Exercises 12¢ 
Find dy/dx if 


1 y =etnx 2 y=e™* 3 y = xinx 
4 y =(sinx)* 5 y = (log. x)* 6 y=x7! 
1/3 
Ty=e+x* 8 y=e" +x" 9 y= (24) 
~~» x-- 


12.4 Polynomial approximations for a function and Maclaurin’s 
series 


Consider the function f(x) = —: Provided x #1, 
—x 


1 x 


=x 1-x 








as is readily verified by simple algebra. Multiplication of this identity by x 
gives 
2 








x 
[=a-. Is 
so that, on substitution, we obtain 
=—_ =1+x+ a 
1-x 1-x 
that is 
1 x? 


=1+x with error 





1-—x 


Multiplication by x shows that 





x ns 
—_ = X+xXx + —— 
1-x 1-x 
so that 
x3 
—— = 14+x+x?74+—— 
1-x 1-x 
that is 
1 ; 
= 1+x+x? with error 


In this way, we may obtain the successive polynomial approximations 1, 


l+x,l+x+x?7,1l+x+x?+4+x°3, etc. to the function 





with respective 
1-x 
Ke KP 


1—-x 1-x 1-x’? 1-x’ 


4 


errors etc. 


230 The logarithmic and exponential functions 


For |x| < 1, the errors involved by using the approximations will be small. 
Thus if x = 0-1, the error involved in using the approximation | + x + x? + x? 
for the function 1/(1 — x) is (0-1)*/0-9, which is a percentage error of 100 (0:1)*, 
ie. 0-01 per cent. This is not so if x > 1 and the approximations are no longer 
so useful. 

The first polynomial above (1) is equal to f(x) when x = 0. The second 
polynomial (1+ x) and its first derivative are equal to f(x) and its first 
derivative respectively when x = 0. The third polynomial and its first and 
second derivatives are equal to f(x) and its first and second derivatives 
respectively when x = 0, etc. 

This suggests that, in general, we may be able to find a polynomial approxi- 
mation to any function f(x) by setting 


f(x) © dp + ayX +a px? + ... +4,x" (12.8) 
and choosing the a’s so that the function and its first n derivatives when x = 0 
equal the polynomial and its first n derivatives respectively when x = 0. 
The first n derivatives of the right-hand side of (12.8) are 
a, + 2a,x + 3a3x7 + ... +na,x" ! 
lay + 3!a3x + 4.3agx7 + ... + n(n —1)a,x"~? 
3la3 + 4lagx + ... + n(n — 1)(n —2)a,x""> 
nia, 
When x = 0, these derivatives have the values 
Q,, 2!a2, 3!a3, 4!a,4,..., nla, respectively 
On equating these to f’(0), f”(0), f’”(0), ..., f(0), we have 
f”’(0) f’”’(0) _f (0) = £0) 


a= f’(0), a= ie a3 





ap ee A yiesey Oy n! 
dy is determined by making the polynomial of (12.8) when x = 0 equal to 
f(0), i.e. ag = f(0). 

Thus we obtain 

” ng (n) 
fa) #10) 4x40) 42 Oy... 4 EO 
2! n! 

We can now see immediately that for this procedure to be possible f(x) 
and its first n derivatives must exist and be continuous at x = 0. The method 
will fail, for example, for the function f(x) = log, x, since neither this function 
nor its derivatives are defined at x = 0. 

In order to obtain a satisfactory approximation, the difference between 
f(x) and the polynomial (12.9) must decrease with increasing n. For the 
function 1/(1 — x), we saw that this was the case provided |x| < 1. In general, 
it is not easy to evaluate the difference between f(x) and the polynomial (12.9). 
Further consideration of this difficult problem is beyond the scope of this 
course and we shall only record the following very important results: 
there exist many functions f(x) which together with all their derivatives are 
defined and continuous at x = 0, and for which (for some values of x) the 
infinite series 





(12.9) 
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x?f"(0) x3f’”"(0) xf) 
T + 31 +i... + 7 + 











f(0) + xf’(0) + 


is convergent. 
For such functions f(x), the limit of the sum of this series is f(x), provided 
x lies within the interval for which the series is convergent, and we may write 


£70) x3f"0 £0 
BAO PAS) is ee 


T ap ee 7 +... (12.10) 


f(x) = £(0) + xf’(0) + 








The series on the right of (12.10) is known as the Maclaurin series for f(x). 


is 





Example 1 Show that the Maclaurin series for 


1 
—— =14x4+x74x34 2... 


l1-x 
With 
f(x) = — =(1—x)7! therefore f(0)=1 
—x 
f'(x) =(1—x)7? therefore f’(0) = 1! 
f(x) = 1.2(1 — x)73 therefore f”(0) =2! 
f(x) = 1.2.3(1—x)~4 therefore f’’(0) = 3! 


f(x) = 1.2.3... r(l—x) +) therefore f@O) =r! 


By (12.10) 


therefore 


This is an infinite geometric series and is convergent for —1<x <1 (see 
Section 2.4). 


Example 2 Assuming the series below is convergent, show that 


x3 x5 x7 
sinx =x 31 + a 7 + 
With 

f(x) = sinx f(0) =0 

f'(x) = cos x f(0) =1 

f"(x) = —sin x f"(0) = 0 
f""(x) = —cosx f”"(0) = -1 
f""(x) = sin x f”""(0) = 0 etc 
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We can now see that the values of the successive derivatives when x = 0 
are going to repeat the sequence 0, 1, 0, — 1,0, 1,0, —1, etc. Thus by (12.10) 


j — I 2 0 3(— 1) 4(0) 5(1) 
sinx =0+x.—+x p tx ay +x at goto 


1! 2 
x3 x5 x7 x9 


It can be shown that this result is true for all x (in radians). 





Exercises 12d 























1 Show that 
1 2 3 
=1-—— =1-x+—_ =1-x4x?-— 
1+x 1+x 1+x 1+x 
4 
=1—-x4¢x?-x3 +— 
, 1+x 
1 
2 Show that the Maclaurin series for ares is 
1 2 3 
=1—-—x+x*—-—x°+... +(-1)x" 4+... 
1+x 
For what values of x will this result be valid? 
3 x3 x5 x3 x5 x? 
3 Evaluate HX axa tyra tay — a for x =x/6. Compare 


the values with sin z/6 = 0-5. [Compare with Example 2.] 
4 Assuming the convergence of the series below, show that 
2 4 6 


x x x 


cosx = 1 —a tac et Let 


5 Using the previous question and question 3, compare these polynomial 
approximations for sin x and cos x with those obtained in (6.60) and (6.61). 
6 Starting with the inequality sin x <x [see (6.59)], show by integration* 


x ; : 
from 0 to x that cosx > 1 — 3 and then by integration from 0 to x that 


3 
sinx > x -> and then by integration from 0 to x that cosx <1 — 
2 x4 : 
7 + P etc. Compare with the previous examples. 

7 Show that if nis a positive integer, (12.9) gives the polynomials 1, 1 + nx, 
n(n—1) , 1 n(n — 1) 
oT X*,..., Lnxt+ 7 
cessive approximations to (1 + x)". The last approximation is, of course, 


exact. What is the Maclaurin series for (1 + x)" when (i) n is a positive 
integer, (ii) n is not a positive integer? 


x74... nx"! 4 x" as suc- 








* See next chapter. 
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8 For f(x) = tanx show that f(x) = sec? x, fi#(x) = 2sec? x tan x, fili(x) 
4sec? x tan? x + 2sec*x, fi%(x) = 8 tan x (sec? x tan? x + 2sec* x), f(x) = 
8 sec? x(sec? x tan? x + 2sec*x)+8 tanxd/dx(sec?x tan? x + 2sec* x). 
Hence show that (12.9) gives as successive approximations to the function 
tan x: x, x + 3x3, x + 4x9 + 7x9. 

9 Evaluate the polynomials of question 8 for x = 2/6. Compare the values 
obtained with tan 7/6. 

10 Show that, for the polynomial f(x) = a+ bx + cx? + dx? + ex*, (12.9) 
gives as successive approximations (n = 1, 2, 3, 4), a+ bx, a+ bx + cx’, 
a+ bx +cx? + dx, a+bx +cx? + dx? + ex*. What is the Maclaurin 
series for f(x)? 


12.5 The series for e* and log, (1 + x) 


In this section, we shall use (12.10) to obtain the Maclaurin series for the 
functions e* and log, (1 + x). (We have already mentioned that the method 
of (12.9) will fail for the function log, x but, as we shall see, it is satisfactory 
for log, (1 + x).) 

If f(x) = e*, then 


f(x) = f(x) =f"(x) =... =f%x) =... =e 
therefore 
f'(0) = f"(0) = f"(0) =... =f) =... =1 
By (12.10) 
x 21 3 1 i 
e=14+x.1+x op t* 3 + gaa at ne 
atteee erat 4% 4. (12.11) 


It may be shown (although the methods required are beyond the scope 
of this book) that this series is valid for all values of x. 
If we replace x by (— x), we obtain 


(25) (EX? (ax 


e-*=1+(-x)+ + 











oe ai 





2! 3! 4! 
that is 
4 x? x3 x4 x5 (— 1)'x" 
e Sloxt+5-g ta ate rl ees (12.12) 
For the function log, (1 + x), we have 
f(x) = log. (1 + x) f{(0) = log, 1 = 0 
f(x) =(1+ x)" f'(0) = 1 
f"(x) = —1(1+x)~? f"(0) = —1 
f”"(x) = (—1)(—2)(1 + x)7? f""(0) = 2! 


f”"(x) = (—1)(—2)(—3)(1 + x) 4 f”"(0) = —3! 
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f(x) = (—1)(—2)... [-@— I] +x)" 
= (1) — I + x)" £0) = (— 1)" (in — 1)! 
Thus the Maclaurin series for log, (1 + x) is 


(—1) 2! (=3)) 
= 2 3 4 
log.(1 +x) =O0+x.14+x?. a +x 3 +* a 


that is 
2 3 4 5 6 


x 


It may be shown that this series is convergent only if —1 <x < 1. Thus, 
more precisely, we have 


x2 x3 xt (—1)'* 3x" 
1 1 =x-—-~—+—-—+... +——_ 
og. (1 + x) = x po gg ee ee 


for -l<x<l (12.13) 
If we replace x by (—x) in (12.13), we obtain 
(—x)? (—x) (—x)* 
2 4 3 4 





log.(1 — x) = —x for -l1<x<1 
that is 


Z 


oe 42 Peclerte as x je ie 
—x)=- —+—+— 424 ..+—4... 
oes aia aie ale ae a 


for -l<x<1l (12.14) 
Example 1 Calculate e to three decimal places. 
From (12.11) 


3 x* 


en erin es 
= x mratate 


With x = 1 


=1+1+40°5 + 0-1667 + 0-0417 
+ 0:0083 + 0-:0014 + 0-:0002+ ... 
= 2:718 
This result is accurate to three decimal places since the remaining terms of 
the series do not affect these places. (Compare this value with the value 


obtained in Section 12.1.) For values of x <1 (or >1), it will require fewer 
(or more) terms of the series (12.11) to obtain the same accuracy for e*. 


Example 2. Find the Maclaurin series for e>* 
From (12.11) 
ae. Guus, Gel 


The series for e* and log. (1 + x) 


Therefore, with X = 3x, 


2 3 
=14+3x+ er et 3) 





2! 3! 
san 9x? 27x38 1x* 3"x" 
=I1+ x to ta Tae +... + a 
Example 3 Evaluate log, (1:1) to four decimal places. 
2 3 4 5 
log. (I +x) =x-F 4+ 5-45 — .. for -l<x<l 


Therefore, with x = 5, which is within the range of convergence, 
0-01 0-001 00001 0-00001 _ 


1 ‘1) =01— 
0g. (1:1) = 01 -—- + amar 








= 0-1 — 0:005 + 0-000 33 — 0:000 025 + 0:000 002 —... 
= (0100335) — (0-:005025)+... 
= 0-0953 to four decimal places 


Example 4 Show that for small values of x 


. Tx? 1x? 
(1 + 2x)e~* + log. (1 + 2x) @ 1 + 3x-- +> 
By (12.12) and (12.13) 


7 x2 x? 
(1 + 2x)e * logs(1 +28) =(1420(1-x45-F +...) 





2 6 
(2x)? | (2x)? (2x)* 
+] 2! 5 + 3 4 +... 
oP. xe? 2 3 
= RS a ig ae oe +x 


8 3 
+ 2x — 2x? + 4... 
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7 7 . : 
=1+3x—+x*+ =x? asfarastermsinx? 


2 2 


The calculation of logarithms 


The series (12.13) and (12.14) for log, (1 + x) and log, (1 — x) are convergent 
for —1<x<1 and —1 <x <1 respectively. They will therefore only allow 
us to calculate the natural logarithms of numbers from just above zero to 


two. 


Some simple manipulations of these series enable us to extend this range. 


Provided —1<x<1 
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log. (2) = log, (1 + x) — log. (1 — x) 














De cae AN aa ou 
ee a ate Sea Te a a 
aos ape. Ber age” ZB 
( cet aie ae aa =) 
Therefore 
ton. $2*) = a(x tbe tbat tel 430+.) (12.15) 
With x =} 
log (t)=2(5+54+ : + : + +...) 
“\s 2 24 160 896 4608 
therefore 


log, 3 = 2(0:5 + 0-041 667 + 0-006 25 + 0-001 1161 
+ 0-000 21702) 
= 2(0:549 29) 
= 10986 


Example 5 Show that if n is positive 
lo Pr (alae vee” clon Were pian) Wa 
See ial S\nad 5\n+ 1 -_ 


From (12.15) 
1+x 1 1 1 
—— }=2 =x +ax5 4+ax74... 
toe.(7*) (x45: +5% +5% + ) 








1 -1 oe Mew 2 me 
With i =n, x= aa which is less than 1 if n is positive. Therefore 
— n 


n—1 1fn—1\3 1fn-—1\5 
= —_—— + -| ———. = Hess 5 
logen + 3(4) +34) | tz18) 


This series is quite useful for calculating logarithms. However, for large 











n-1, 
values of n, aa is near to one and a large number of terms of the 


series (12.16) will be needed to obtain a satisfactory approximation to log, n. 
With n = 2, we have 


1 i1 141 
=2-4+-2.-5+5-4... 
log, 2 (545 pts ast ) 
This series is clearly a better way of calculating log, 2 than the series (12.13) 
with x = 1, namely, 


log.2=1-—$4+4-14+4-i4... 
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Exercises 12e 


1 Use the series (12.11) to evaluate Jt and 1/e correct to four places of 
decimals. Check your results from tables or by calculator. 

2 Use the series (12.13) to evaluate log, (1:2) and log.0-9 correct to four 
places of decimals. Check your results using tables or calculator. 

3 Use (12.11) to write down the first few terms of the Maclaurin series for 
(i) e?*, (ii) e~ 3%, (iii) e*. 

4 Use (12.13) to write down the first few terms of the Maclaurin series for 
(i) log. (1 + 2x), (ii) log, (1 — 3x), (iii) log. (1 + x”). For what values of x 
are these series valid? 

5 Show that log.(3 + 4x) = log, 3 + $x — §x? + $x? —... and state the 
limits between which x must lie for the expansion to be valid. 

6 Show that 


Eee ee hoe eae 
A ee at he ae pe 


; fies ; 1 1 
and write down similar series for s(¢ + : 


7 If x is so small that x* and higher powers of x can be neglected, show 
that e* + log, (1 — x) = 1 — 3x3 approximately. 
8 Show that 


tan*x tan®x tan®x 


log. sec? x = tan? x — 
3 4 











For what values of x is the expansion valid? 
9 If x > 1 show that 


lo ae = ee Be es 
a CD 9 in Co a 


By putting x = 3, evaluate log, 2. 
10 Show that if x is so small that x* and higher powers of x may be 
neglected log, (1 — 2x — 3x?) = —2x — 5x? — 46x?, 
Hint: log, (1 — 2x — 3x?) = log, (1 — 3x)(1 + x) 
= log, (1 — 3x) + log, (1 +x) 


Exercises 12 


1 Differentiate the following functions with respect to x (i) (3x? — 1) log, x, 
(ii) e* log, 2x, (iii) e~ ?* cos 4x. 

2 Differentiate with respect to ¢t (i) log,(1+e7‘), (ii) log, (tant), 
(ili) log, (cot t + cosec ft). 

3 If y = x" log, x, show that xdy/dx = x” + ny. 

4 If ylog. y = x, find dy/dx in terms of x and y. (JMB, part] 

5 If y = e**cos 4x, find dy/dx and express it in the form Re®* cos(4x + a), 
where R is a positive constant; state the cosine and sine of the constant 
angle a. Hence write down d?y/dx? in a similar form. (JMB, part] 
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6 


7 


8 


9 


10 


11 
12 
13 


14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 


25 





and (j) 2( ©). Gy 4 {10869 
7 7 
ind (i) dt G = =) (i1) dé (; + log. 5) 


d ; d 
Find (i) —(e**"*), (ii) —[sin (log, x)]. 
dx dx 
2 
If y = sin (log, x), show that x es u txQtye 0. 
Show that 
.d ; ! 
(i) Gx 08 [x + J(x? + I)]} = cap 
(ii) (los, [x + V(x? — 1)]}} = Te Sean 
Differentiate with respect to x (i) log. /(x+ 1), (ii) log. [Y(x +1) + 


vx = 1)]. 

Show that if y = xe *, d*y/dx? + 2dy/dx + y =0. 

Show that if y = e~?*sin 5x, d?y/dx? + 4dy/dx + 29y = 0. 

If y = 2e ** — e**, show that d?y/dx? + 2dy/dx — 8y = ke**, where k is a 
constant, and state the value of k. (JMB, part] 
If y = log.(1 + cos x), show that d3y/dx? + d?y/dx?.dy/dx = 0. 

If y = e™""*, show that (1 + x7) d?y/dx? — (1 — 2x) dy/dx = 0. 

If y =e 2*cos 4x, show that d?y/dx? + 4 dy/dx, + 20y =0. 

If y = tan! (e”), show that d*y/dx? = = 2(dy/dx)? cot 2y. 

If x = t?, y = log, ¢, find dy/dx and d*y/dx? in terms of t. 

If x =e', y = log, t, find dy/dx and d*y/dx? in terms of t. 

Find the stationary value of (log, x)/x. 

Show that y = xe * has one maximum value which occurs when x = 1. 
Find the positions of the points of inflexion of the curve y = e~*”?. 
Find the equation of the tangent to the curve y = e2* at the point (0, 1). 
Find the position of the point of inflexion on the curve y = xe *. Sketch 
the graph. 

The speed of signalling in a submarine cable is given by Kx? log, (1/x), 
where K is a constant and x is the ratio of the radius of the core to the 
thickness of the insulating material. Show that the speed of signalling is 
a maximum when x = 1/,/e. 

Show that if v = 100p(1 + log. r) — 100gr, where p and q are constants, 
then v is a maximum when r = p/q. 

Find the position of the point of inflexion on the curve y = log, x + (2/x). 
Sketch the graph. 

For what values of x is the derivative of xe~*” zero? 

Differentiate with respect to x (i) (log, x)'°®*, (ii) x* + e'*"*. 

If y = x*[1 + x/(a + 2)], find dy/dx. 

Find the gradient of the tangent from the origin to the curve y = log, x. 
Hence, by considering a sketch of the curve, find the range of values of 
the constant K for which the equation log, x = Kx has two unequal roots. 
Draw a graph of y = log, x from x = 1 to x = 1:9 and use it to find to two 
decimal places the smaller root of 4log,x = x. [JMB] 
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32 Show that 1 <e* <e‘ for 0 <x <c. By integrating* this inequality from 
0 to x show that x < e* — 1 <e‘x and then by the same method that 








x? es 1 ax 
a < =xX— eae) 
and that 
3 2 3 
x 7 oe x 
3 <e 7 x—-l<e 31 
etc. to 
Ee eo ahh, xntt 
(n + 1)! n! (n—1)! 2 (n + 1)! 


2 2 
; x x 
Deduce that the difference between e* and 1 + x +a ute deg tends 
to zero with increasing n. : us: 


33 Show that e*’ log, (1 + x?) = x? + 4x* + 4x® for x <1. Find the approxi- 
O-1 


mate value of e*’ log, (1 + x?) dx*. 
0 
34 Assuming the convergence of the series below show that 
(i) secx = 14+ 4x74 4x44... 
(ii) log.cos x = —4$x? — pyx*— fgx® +... 
(iii) log. (1 + e*) = log, 2 + x + gx? — poax* +... 
35 Write down the expansions in powers of x, as far as the term in x°, of 
(i) e~ 2%, (ii) (1 — 4x)1/*. Use your series to find to five decimal places the 


difference in the values of these two functions when x = 0-01. [SUJB] 
36 Show that if —4<x <4, then 
log. (1 + x — 2x?) = x — 3x? + 9x3 — xt +... (LU, part] 


37 Obtain the expansion of log.(1 + x + x?) (if x < 1) in powers of x. State 
the coefficients of x3"~ 1, x3", x3"*!. 
1— 3 
Hint: 1 +x +x? =—— 





1-x- 

38 (a) Expand log.cos@ in a series of ascending powers of sin? 6, giving 
the terms up to sin® 6, and the general term. For what values of 6, in 
the interval 0 < 6 <7, is the expansion valid? 

Given that y = (2+ x)?e~*, find the expansion of y in ascending 
powers of x as far as the term in x3. Find also the expansion of log, y 
in ascending powers of x as far as the term in x°, and state the 
coefficient of x". [JMB] 
39 (a) Expand the function e~ ?*/(1 — x)? in a series of ascending powers 

of x up to and including the term in x?. 

1+cos0 
1—cosO — 
the expansion of log.(1+ x) in ascending powers of x. Express 


log, cot? $0 as a series of powers of cos 6, giving the first three terms 
and the nth term. [JMB] 


(b 


— 


(b) Prove that cot?40. Write down the first three terms in 


— 


*See next chapter. 
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40 Use (12.15) to show that 


n 1 1/1 me. 1 y+ | 
wore) =a 55 (Sem S\an—1) °°" 


provided n> 1. Hence evaluate in succession log, 2, log, 3, log, 4, log. 5, 
log. 6. (Some of these may be checked using the first two values.) 

41 State the first five terms of the expansions of log, (1 + x) and log, (1 — x). 
Deduce that, when n > 1, 


lo cea eae ae 
Be n—1) ‘ln 3n3 Sn 


Hence evaluate log, 1:25 correct to four places of decimals. [AEB] 
42 Find the coefficient of x? in the expansion, in ascending powers of x, of 
the function f(x) = (1 — x)?e?*. Find also the coefficients of x" in this 
expansion of f(x) and deduce that the only values of n for which the 
coefficient of x" is zero are 1 and 4. [JMB] 


eee d 
show that = 1— y?. [C] 
dx 








: e*—e 
43 Given that y = ———_ 
e*~+e 


-x? 


44 Show that e~*sinx has turning values when x = (r + 4)m, where r is an 
integer. Determine which are maxima and which are minima. [O] 


45 A curve has the equation y = (a #0, b>0, c>0). Show that 


a 
b-e * 
it has one point of inflexion, and that the value of y at the point of 
inflexion is half the limiting value of y as x > 00. [O] 
46 Given that y = e 2*(3 sin 3x — 2cos 3x), find dy/dx in its simplest form. 


[C] 
2 


— x2" 


— 2x 
47 Simplify log, HE 


Hence, or otherwise, evaluate dy/dx at x = 0 for the function 


-—2x 1/2 
y= [Sey [IMB] 


1-x 





1/2 
| and show that its derivative is i 


48 Given that y = (1 + x)?e 2%, find dy/dx. Find also the co-ordinates of the 
turning points of the graph of y. [LU] 


pee ae in series of ascending 
1 — 3x + 2x? 


powers of x up to, and including, the term in x°. Use the series for 

1+ 3x + 2x? 

*1 —3x + 2x? 

50 Find the minimum value of xlog,x, where x is positive. Given that 
xlog, x tends to 0 as x tends to 0, sketch the curve y = x log, x. 


49 Expand log, (1 + 3x + 2x”) and log, 


to show that log, 5 is approximately 1-6. [AEB] 


13 
The basic ideas of integration 


13.1 Introduction 


In the preceding chapters, we have been considering the problem of finding 
the differential coefficient or rate of change of a given function. The integral 
calculus to which we now turn our attention is concerned with the inverse 
problem, namely, given the rate of change of a function, to find the function. 
In symbols, we require to find f(x) where 


—— = g(x) (13.1) 


and g(x) is given. It is more usual to write 
f(x) = ocoax (13.2) 


and we define integration as follows. 
The integral of a function g(x) with respect to x is the function whose 
differential coefficient with respect to x is g(x) and it is written f g(x)dx. 
The reason for this notation will be explained later (see Section 13.6); mean- 
while (13.2) is to be regarded as an alternative way of writing (13.1). 


3 
If we are required to find foe dx, then pee dx = x? because COD axe 





dx 
Similarly 
Jsin xdx = —cosx because gt tos). = sin x 
dx 
dx d 1 
=| b Sia cs 
| s og. x ecause ax (log, x) = 


13.2 Arbitrary constant 


We recall that the differential coefficient of a constant is zero; hence there 
is not a perfectly definite value for the integral. In the previous three cases, 
we have the more general results 
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d 
favas =x? +C because a + C) = 3x? 
; d : 
sinxdx = —cosx+C because at eee) = as 
x 


d d 1 
jz =log.x+C because —— (log,.x+C) =—- 
x dx x 
An arbitrary constant can always be added to the result and hence 
aoa = f(x) +C 


This is known as the indefinite integral of g(x). 


13.3 Standard forms 


To find f(x) given g(x) means that we have to retrace the steps we made in the 
process of differentiation and then add an arbitrary constant. Unfortunately, 
there is no general method for doing this, but a few of the more common 
integrals can be stated from our knowledge of differential coefficients. These 
results are known as standard forms. 


Jsinxas = —cosx+C 


re 


ec aie =sinx+C 


re 


[eed 

( n+1 

"dx =——4C _ 
pe x pang? provided n # —1 


rp 


d 
alone 
e 


( dx 
Jax? 


ee ae = arcsin ~ +C 
J(a? — x?) — a 





1 x 
=-—arctan—+C 
a a F 
a 1s a constant 


The ‘dx’ which appears in all these integrals indicates that the integration 
is with respect to x. Thus, while we have {cosx dx = sinx + C, {cosx dy 
cannot be evaluated unless more information is available to enable us to 
change the integral with respect to y into one with respect to x. 

It cannot be emphasised too much that the ‘x’ in the above list stands 
for any variable quantity and could just as well be written as y, z, u, v, etc. 
Thus 
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Jew =e’+C 
d 
lets =4arctan 5u+C 
d 
{2 =log.z+C 


Example 1 Integrate the following functions with respect to x: (i) x°, (ii) Ape 
(iii) 1/x®, (iv) 1/./x3, (v) 1//(9 — x?), (vi) 1/(25 + x?), (vii) sin? 3x. 
(i) seas = 5x? +C 


4/3 


/ 

(ii) [aeax = fora =" 4 C =3x4*B+C 
3 

ea ie. Z eos 1 

(iii) [zeae f= ®dx eet Ga x3 tC 


: 1 x72 —2 
(iv) serae = [xa = =} pO ae 





1 
(v) [ona dx = arcsin§x + C 
: 1 
(vi) ose? dx = garctan$x +C 


(vil) For fsin? 3x dx we notice that this integral is not included in our list 
of standard forms. However, and this is not an uncommon device, it is possible 
to rewrite sin?4x by means of a trigonometric identity in a form which is 
immediately integrable. Thus since 


cos x = 1 — 2sin?4x 
sin? $x = $(1 —cosx) 


therefore 
[sin 4xdx = Je — 4cos x)dx 
= 4x —4sinx +C 
Example 2. Find y in terms of x if d?y/dx? = 6x — 4 and further y = 0 when 


x = 0 and dy/dx = 3 when x = 0. 
Since d?y/dx? = 6x — 4, therefore 


z= [i6x— ays = 3x? -—4x+C 


Since dy/dx = 3 when x = 0, then 3 = C and 
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dy 


_ 2_ 
a = OX 4x +3 


= | Gx? — 4x 4 did = 29 20 4 Se 4 D 
But since y = 0 when x = 0, D = 0, so that y = x? —2x? + 3x. 


Exercises 13a 
Integrate the following functions with respect to x: 


1 x5/3 xi x7 2/3 ypu x}, ve 


pie ee ae ee 


1 1 : 1 1 


* Tis) Jax JG—#) JG— 2 [06 — x) 
1 1 1 1 1 
P44 PHP P49 74 P4K 
5 sec? x, cosec? x, cos?4x (see Example 1 (vii) above), tan? x [Hint: use 
sec? x = 1 + tan? x], cot? x 





5+x—2x? 14+ 3x — 5x5 

x) ° fl X 
7 ax? +bx +c 2x"+3x? 1+43x +4 5x? 
x? BRP x" 


(ax + b)? 
Be 


6 





8 (1 —x*)?, (1 + 5x), 





6 7 
— —., 8cosx — 6sinx 
cosec x’ sec x” 





10 Find y in terms of x if dy/dx = 3x? — 6x + 2 and y =7 when x = 0. 

11 Find v in terms of t given that dv/dt = 5 — 2kt, where k is a constant. 
If v = 0 when t = 0 and v = 1 when t = 1 find the value of k. 

12 Given d*x/dt? = 3sint and that when t = 0, dx/dt = —3 and x = O, find 


; d?x 
x in terms of t. Hence show that —~ +x = 0. 


dt 
13 The slope of a curve at any point (x, y) is equal to sinx and the curve 
passes through the point (0, 2). Find its equation. 
14 What curve passing through the origin has its slope given by the equation 
dy/dx = (x? — x)? 
15 A particle starts from rest at the origin and moves along the x-axis. The 
acceleration of the particle after time t is given by 


d?x/dt? = 121? — 60t + 32 


Find an expression for x at time t. Hence find the times at which the 
particle again passes through the origin. 
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13.4 Five important rules 


All these rules follow from the definition of integration as the reverse of 
differentiation. The first two rules will just be stated. 


RuLE I The integral of a sum of a finite number of functions is the sum 
of their separate integrals. (‘Sum’ includes the addition of negative quantities, 
ie. ‘difference.’) 


Example 1 Jor + sinx + ./x)dx = fv dx + [sin xdx + [vs dx 
= 4x3 —cosx + 4x7? +C 
Example 2 Je — cos x)dx = eras - [cosxax 
=e*—sinx +C 
RuLE II A constant factor may be brought outside the integral sign. 


Example 3 [ox dx = 6 [x dx = §x°+C 
5 d 
Example 4 [pau=5 [= stog.u+c 


Example 5 iG cos x — 4x?)dx = 6 [cos dx — af dx 
= 6sinx — $x? +C 


The third and fourth rules extend the applications of our standard forms. 

Consider Jcos (x + 3)dx. From our standard forms, the result is possibly 
sin (x + 3). On differentiating sin (x + 3) with respect to x, we do, in fact, obtain 
cos (x + 3). Therefore, Jcos (x + 3)dx = sin(x + 3) + C. Similarly 


fertax =e* 74+C 





d 
| is log.(x +a)+C (aisa constant) 


x+a 
dx gi 
@=2ee9 Tans 2 © 


hence the rule: 


RuLE III The addition of a constant to the variable makes no difference 
to the form of the result. 


Now consider Jcos 5x dx. From our standard forms, the result sin 5x is 
suggested but on differentiating this latter function we obtain Scos 5x. Since 
this only differs by a constant factor 5 and not a variable factor from the 
required sin5x, we find that {sin 5x when differentiated gives the required 
result. Therefore 
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Jos 5x dx = $sin 5x + C 


Similarly 


fertax = —je°* +C 
feos $xdx = (sin4x)/4 = 3sintx +C 


= Sarcsin?x + C 


| dx 7 | dx 
Jo-) J Vp 207) 


hence the rule: 


RuLEIV Multiplying the variable by a constant makes no difference to the 
form of the result but we have to divide by the constant. 


Rules III and IV may be applied together. 


Example 6 fer-tax S14 C0 
dx 
Example 7 5a log.(2—x)+C 


Example 8 [vx + 3)dx = [ss + 3)'2 dx 
1(5x + 3)°? 


~§ (3/2) | 


d S4y\se 
Example 9 late = |« — 3x) 5 dx = (4 (2 ) +C 
1 


TG 302 + © 





Example 10 eescesn We express the denominator as a sum of 
squares. 
dx dx 
layean = laxyere Eager 2) PC 
d 
Example 11 lau We render the expression under the root sign 


as the difference of two squares. 


(3x —2) + 


ene ee SE A 
Jae — 9x) | J[2? — (x — 27] — sarcsin 5 
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Another useful rule is obtained by considering the derivative of log, [f(x)]: 


fellog. fix] = A Sta) = 
hence 
f*(x) 
f(x) 
RuLE V_ The integral of a fraction whose numerator is the derivative of its 
denominator is the logarithm of the denominator. 


panmedo> (ee eer (x*~x42)4+C€ 
‘xample ogo Ze x 


dx = log, [f(x)] + C 


3 2 
Example 13 ace = log.(x° + 1)+C 
x? +1 


In some cases, a constant factor has to be inserted to make the numerator 
exactly equal to the derivative of the denominator. 


Example 14 edi at ae x 
: Met oxt5 2\x2 42x45 


1 
= 5 log.(x? +2x+5)+C 


e>* 1( 3e* 1 re 
Example 15 oat = oe a = 3 log. (e -—1)+C 


The separation into f’(x)/f(x) may not always be obvious. 


1 


ex _~ dy = log. (log.x)+C 
a x = log, (log, x 


Example 16 |s- 
x log. 





sinx d — 
Example 17 Jtanxax = | aaa “Jae —log,cosx+C 
cos x cos x 





dx 1+x 
E le 18 | ——_,—__—_ = dx =1 t +C 
sa (1 + x?) arctan x [Be ia taal (arctan) 


Exercises 13b 


Evaluate 


(i) [ox + 3)!°dx (ii) |e — x)'1dx (iii) [ver + 5)dt 


(iv) [oo — 5)5/? du 
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: dx 
fare 
' dy 
(iv) Ree 
3 (i) [sin (3x + 3)dx 


(iv) [sine xdx 


4 (i) ferras 
20) a [5 +1 


; x 
fe 


xe 
(vii) IE 43 dx 


(x) cos x cos x + sin x 
cos x — sin x — sin eo 


e Ce 

do 

0) {aa — 160?) 
2q 

a, Fes 


? a |S 


2 tan x sec? x 
1 
0 @ | eae 1+ tan?x 


Note on log, x 


Consider 


7 dx 
(i) {ae +1) 


(ii) feosisu — 1)du 


(ii) fe S(t +2) dt 
dx 


er du 
(viii) | Gea 


is dt 

”) | 160? + 1 

7 dx 

() |) isa ax— 4x3) 
(ii) fe — 3t)'/? de 

ie udu 

F + 4u? 


dx (ii) [eae 


(iii) ea yi 


(iii) | sin(1 — y)dy 


(v) [eos xdx ([Hint: Express sin? x and cos? x 


in terms of cos 2x.] 


(ili) fe ~ © du 


(iii) feo xdx 








(v) oat 
xe +x—1 





(ix) w fa log. 3x 


d 

” J ere 

_ du 

mn) (re + 2u—u’) 
(iii) | -< 

ea du 

(iii) | ae i hy 


sin” u 


ee = “log.(ax —b+C 
ax —b 
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Alternatively, 





d d 1 
j eee - | = Hog. — ax) + € 
b-—ax a 


ax —b 


1 
Either of these forms may be valid and the correct result is 7 loBel ax —b| 


where |ax — b| is the positive numerical value of ax —b (the modulus of 
ax — b). While the modulus sign will not always be used, it must be re- 
membered especially for definite integration (see Section 13.6). 


13.5 Applications to geometry and mechanics 


The problem of finding a function when its differential coefficient is given 
has many applications in geometry and mechanics. Generally, the arbitrary 
constant which arises can be evaluated by referring to the initial conditions 
or to some specific value the function must possess. 


Example 1 A curve passes through the point (1, 6) and is such that its slope 
at any point equals twice the abscissa of that point; find its equation. 
Here we have dy/dx = 2x. Therefore, on integrating, we have y = x? + C. 
But the point (1, 6) lies on the curve, hence 
6=17+C 
5=C 


Therefore, the required equation is y = x? + 5. 
Example 2. A particle starts from rest with an acceleration (10 — 2t) m/sec? 


at any time t. When and where will it come to rest again? 
Since acceleration is the rate of change of speed, v, with respect to time 
dv 


—=10-2r 
dt 


Hence 


v= Joo — 2t)dt 
v= 10t—t?4+C 
But the particle starts from rest, so that v = 0 when t = 0; hence C = 0 and 
v = 10t—t? 
v=r(10—t) 
The body is at rest when v = 0, that is when ¢(10 — t) = 0 or when t = 0 or 
10sec. If s is the distance travelled in t sec 
d 


Ss 
—=v=10t-t? 
dt ” 
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therefore 
s= [oo —t*)dt = 5t?7-423+D 


where D isan arbitrary constant. If sis the distance measured from the starting 
point, s = 0 when ¢t = 0; hence D = 0. Thus 


s = 5t* — 403 
and when t = 10 
s=5x 10?—4x 10° 


that is, s = 1663 m is the distance travelled before the particle comes to rest 
again. 


Exercises 13c 


1 Find the equation of the curve whose gradient is 1 — 2x? and which passes 
through the point x = 0, y = 1. [LU] 

2 Ata point on a curve the product of the slope of the curve and the square 
of the abscissa of the point is 2. If the curve passes through the point x = 1, 
y = —1, find its equation. [LU] 

3 A particle starts with an initial speed of 20 m/sec. Its acceleration at any 
time t is 18 — 2t m/sec”. Find the speed at the end of 6 sec and the distance 
travelled in that time. 

4 A particle starts with an initial speed u. It moves in a straight line with 
an acceleration which varies as the square of the time the particle has been 
in motion. Find the speed at any time t, and the distance travelled. 

5 A particle is projected upwards with a velocity of 3000 cm/sec. In addition 
to being subject to gravity* it is acted on by a retardation of 500t where 
t is the time from the commencement of the motion. What is the greatest 
height the particle will reach? 


13.6 Integration as a summation 


We shall now show that an alternative way of regarding integration is as 
the limiting value of a summation. This method of approach is of great value 
in applying integration to physical problems. Incidentally, it also explains 
the use of the symbol f which is an elongated ‘S’ for ‘sum’. 

Consider Figure 13.1 where K and B are the points (a, 0) and (b, 0) 
respectively. 

DC is an arc of the curve y = f(x); P is a variable point on the curve with 
co-ordinates (x, y); Q is a neighbouring point on the curve whose co-ordinates 
are (x + dx, y+ dy). We denote the area DPLK by A. Since D and K are 
fixed, A depends on the position of P(x, y) and is therefore a function of x, 
A(x). The area PQML can be denoted by 6A, the increase in A due to an 


* The acceleration due to gravity can be taken as 1000 cm/sec? in the downwards direction. 
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K(xza) | tL 
Figure 13.1 





M B(x: 4) 


increase 6x in x. Referring to the diagram, we have 
area rectangle PRML < 0A < area rectangle SQML 


(If the slope of the curve is negative, both inequality signs are reversed.) 
Therefore 


PL.LM <5A <QM.LM 
ydx <dA <(y + dy)dx (13.3) 


Now let KB be subdivided into n equal parts each of length 6x (such as 
LM). Then by drawing ordinates at all the points of subdivision, n strips like 
SQML are obtained. Summing over all such strips, we have 


x=b x=b 

¥. ydx < area DKBC < Y (y + dy)éx (13.4) 
Now consider the difference between the two extreme quantities in the 

inequality (13.4) 


x (y + dy)dx — Yyix = os dydx 


Since 6x is the same for all points of subdivision (see Figure 13.1), 


x=b 
dx x ¥ dy = 6x.CE 


Now since 
bx = BK _b-a (13.5) 
n n 


6x may be made arbitrarily small ty increasing n sufficiently. Hence the 
difference between £*=>(y + dy)é6x and LZ=°ydx can be made arbitrarily 
small. Since the area DKBC lies between these two, it follows that 


x=b 
area DKBC = lim ) yéx (13.6) 


éx7O0x=a 
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Returning to the inequality (13.3), since we are dealing with small but finite 
quantities, we may divide throughout by 6x and hence 


es +6 
y ie y 


Now as 6x > 0, 6A > 0, and dy > 0, so we have 


bane read 
therefore 
dA _ 
dx y 


hence A = f ydx from our definition of integration as the reverse of dif- 
ferentiation. 

We note that, as yet, there is no definite value for the area because fydx 
involves an arbitrary constant. This is because A, as we remarked earlier, 
is a function of x. Thus f y dx gives the area measured from an arbitrary origin 
to the point x. Referring to Figure 13./, 


area DKBC = area up to CB(x = b) — area up to DK(x = a) 
= A(b) — A(a) 


Thus, to find the area between the curve y = f(x) and the x-axis, we first 
find the indefinite integral f{ ydx or Jf(x)dx. We then substitute x = b and 
x = a respectively in the indefinite integral and subtract the two results. The 
notation adopted for this definite integral is J Z=2f(x) dx or the shorter 
f°f(x)dx or f2ydx. Thus 


b 
area DKBC = | ydx (13.7) 
Finally, we note from (13.6) and (13.7) that 
x=b b 
area DKBC = lim }° yéx = | ydx (13.8) 
6x70 x=a a 


Example 1 Find the area between the curve y = x3, the x-axis and the 
ordinates x = 2 and x = 6. 


4°44 
= 320 square units 
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E le 2. Evaluate _ 
‘xample ae 


~V2 dx Fate xp? 
S. Bae |e 8 








D(5,0) 





Figure 13.2 
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Figure 13.2 shows the curve and the line. The area required is the 
shaded region. The abscissae of A and B are given by the solutions of the 


equation 
x(6—x)=5 
x? -6x+5=0 
(x — 1)(x — 5) =0 
x=1 or x=5 
5 
Required area = | x(6 — x)dx — area ABCD 


1 


=72— = —20= 7 square units 
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Exercises 13d 


Evaluate the following definite integrals: 


1 (i) [26 


) 
1 

2 (i) J y’ dy 
) 


3 () | Vxas 
1 


6 (i) | (x +5)dx 
-1 


n/3 
7 (i) | cos 3x dx 


n/6 


3 
8 (i) | e?* dx 


2 


at x = 0 and x =3. 


0 
(ii) | 
—n/2 


sin (5x + 32)dx 


. [2 dx 
“) | » (G—x) 


11 Find the area between the curve y = x? + 9x, the x-axis, and the ordinates 


1 
ain | 
-1 
1 
ain | y°dy 
-1 
8 
ain | x73 dx 
1 
.. [2 du 
a) 25 


aa [| ?dw 
(iii) I. a 


1 
ain | e 2* dx 
0 
5dx 
1 x 


(iii) 


ain | es 
1 J(8 + 2x — x?) 


12 Find the area between the curve y = x* + x”, the x-axis and the ordinates 


at x =0 and x = 1. 


13 Find the area between the curve y = sin x and the x-axis between x = 0 


and x = 7. 


14 Find the area between the curve y = i 


atx = —landx= +1. 
15 Find the area between the curve y = 3 + 7x — x? and the line y = 9. 


Exercises 13 


1 Evaluate (i) { (2x — 1)? dx, (ii) (2x — 1)'® dx. 

2 Evaluate (i) { (2x? — 1)? dx, (ii) [(2x* — 1)? dx. 

3 Find the indefinite integrals with respect to x of (i) J x(x — 1), (ii) (x — a) 
x (b — x), where a, b are constants. 


1 . : 
i the x-axis and the ordinates 


Exercises 255 








4 Evaluate 
—x* 1+2 2x? 
i | ee ae ai | Se as 
x Jx 
5 3x? 
(ii) a ae 
5 Evaluate 


n n/3 
(i) | (sin2x + cos}x)dx (ii) | (sec? x + cosec? x)dx 
nf2 n/6 


6 Find the equation of the curve whose slope at any point is 2x — 3x? and 
which passes through the point (1, 1). 

7 The gradient of a curve at the point with abscissa x is given by dy/dx 
= a+ bx. If the curve passes through the origin and has slope | at this 
point, find the value of a. If the curve also passes through the point (1, 3), 
find its equation. 

8 From any point P on a curve, PA is drawn perpendicular to the y-axis. 
The tangent at P meets the y-axis at B. If PA.AB = k? find the equation 
of the curve. 

d*y 1 dy 

9 er eae | and = 
y =3 when x = 1. 

10 Find the area between the curve y = cosx, the y-axis, the x-axis and the 
ordinate at x = 7/4. 


0 when x = 3, find y as a function of x, given 


1 


— 


1 
* The gradient of a curve at the point (x, y) is (: — ) and the curve passes 


through the point (1, 2). Find the equation of the curve. Show that the 
area enclosed by the curve, the x-axis and the ordinates x = 1, x = 2 is 
41 _ 2log, 2. [LU] 

12 Find the area between the curve y = (sin x + cos x)’, the x-axis and the 
ordinates at x = 0 and x = 2/2. 

13 Find the area between the curve y = 1 + 9x — x? and the line y = 9. 

14 Find the area between the curve y = 5x — 2x? and the line y = x. 

15 A body moves under a constant acceleration f- If its initial velocity is 
u and it starts from some origin at time t = 0, show that its velocity and 
displacement s from the origin are given by v =u+/ft,s = ut + 3ft?. By 


cited , 1d 
writing its acceleration as Ib (v2) show that v? = u? + 2fs. 


1d 
16 Show that the expression for acceleration dv/dt can be rewritten sa 


Hence, if the acceleration of a particle is equal to 16s and v = 4 m/sec 
when s = | m, find the velocity of the particle in terms of s. 

17 Theequation ofa curve is of the form y = ax? + bx + c. It meets the x-axis 
where x = —1 and x = 3; also y = 12 when x = 1. Find the equation of 
the curve and the area between it and the x-axis. [LU] 


*Note that flog, xdx = xlog,x —x. 
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18 A particle is subject to retardation equal to 32 + 16 at any time t. Initially 
its velocity is 40 m/sec. Find how long it takes to come to rest and how 
far it is then from its starting point. 

19 Verify the following results: 


er (eee (YOR) dx T 
0 gore! @ P yetay-as 


20 Show that sin 3x = 3 sin x — 4sin* x and hence evaluate [%/? sin? x dx. In 


a similar manner evaluate {%/? 2 cos? x dx. 


21 Given that 


1+x 
f(x) = —_—_—__-—-,- 
©) = qIpd4%) 
show that 
1 1 2x 
f(x) = —_— +. —- —_ 
&) foe 1+ x? 
Hence evaluate 
3/4 
| f(x)dx 
0 
22 Express Q-xi+x in partial fractions and hence, or otherwise, 
: dx 
evaluate | ———_—___-. O 
rete: ie 
2-7x+10 . . 
23 Sketch the curve y=, indicating clearly any vertical 


asymptotes and turning values. Determine the finite area bounded by the 
x-axis and that part of the curve between the points where it crosses the 
x-axis. [O] 
24 Find the x co-ordinates of the stationary points of the curve whose 
equation is y = x(x — 3)*, and determine whether these points are maxima, 
minima or points of inflexion. Sketch the curve. Find the area of the region 
bounded by the curve and that part of the x-axis lying between x = 0 and 
x = 3. [JMB] 
25 Show that cos5xcos3x = 4(cos8x + .cos2x). Hence show that 
2" cos 5x cos 3x dx = 0. 


14 
Some methods of integration 


14.1 Introduction 


In the previous chapter, we introduced the basic ideas of integration. The 
examples used involved only simple integrals, which were obtained from the 
inverses of differential coefficients (Section 13.3) or the simple extensions made 
possible by the five rules (Section 13.4) The object of this chapter is to examine 
several ways in which more involved integrals can be resolved into simpler 
forms which can then be recognised as standard integrals. While several 
important methods of integration will be examined, it must be realised that 
not all available methods are covered here. 

Ability to integrate readily only comes with experience and the student 
is well advised to work through as many exercises as possible. 


14.2 Integration of rational algebraic fractions 


We now consider the integration of rational algebraic functions, by which 
we mean fractions whose numerator and denominator each contain only 
positive integral powers of x with constant coefficients. In all cases, if the 
numerator is of the same or higher degree than the denominator, we first 
divide out. Thus we shall have one or more terms (in x, x”, etc. or a constant) 
which can be immediately integrated and a fraction whose numerator is of 
a lesser degree than the denominator. It is with such fractions that we shall 
now be concerned. 


Denominator of the first degree 


In this case, after any necessary division, the integral can be immediately 
evaluated. 


2 a 3 
Example | | Be Ee dee (= +x+1 tygty)ex 








2x —3 2x —3 
x? x? 3 
=Z ta txts5loge(2x—3)+C 
_ 9,2 
Example 2 cae cae ae a dx 
2-x 2—x 


= x? + 3x —log,(2—x)+C 
257 
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Exercises 14a 








Evaluate 
F x? dx x3 dx xdx 
x-1 x—1 x—1 
t t? 2-x 
See 5 dt 6 
‘fey [FS [Fe 


1/2 99 _ 362 t 12x — 8x? 
— ———dt —__——_ d 
7 1-0 a | a 9 1+ 4x 


x 
iy F + ie 





Denominator of the second degree which does not resolve into rational factors 


We shall discuss two cases here: (i) the numerator is a constant, (ii) the 
numerator is a linear expression in x. 


Case I Consider 


x dx 
ax? + bx +c 
This can always be put in the form 


k dx 
a}(x+a)? +B? 
We shall restrict ourselves to the case of +B”. In this case 


k dx _k Lene © 
a}(x+a)?*+B? af 


by our standard form for arctan x and its extension (rule III, Section 13.4). 


+C 





Example 1 


2x? + 11 3 
PEtpe = [(2+z q) ax = 2x + farctan3x + C 


Example 2 


enc eee eer ah =e rcetan i; 
,x?—2x +10” J, Qe—-t? +9 3) 3) |, 


= $(arctan 1) — $(arctan0) = 42 





Example 3 


7 aoe dx subd dx 
2x? +2x+5 °° 2Jx?4+x4+$ 2) (x44)? +3 
1 1 
ene 2 


QQ) G2) 





= farctan #(2x + 1)+C 





my 
=2 


Exercises 14b 


Evaluate 
5 
1 |—,———-~-d 
Jeane * 
4 d 
ce eee 
9 x7 —4x4+8 
d 
iy eee 
9x* — 6x + 37 
1 x? +2x 


1x? +2x +2 





2 2 
9 ees Ax 
x*-+x4+1 
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2 Jezéun dx 

5 = : 

° | ese 
: |= 9 x 


10 I 16x3 + 6x +8 
1/4 8x2 —4x +5 





dx 


Case 2 If the numerator is a linear expression in x, we put it equal to 
k x (the derivative of the denominator) + |, where k, | can be determined by 
inspection. The integral now splits into two parts, in the first of which the 
numerator is the derivative of the denominator, and hence this integral is 
the logarithm of the denominator; the second is of the type considered above. 


Example 1 





ate dy 
x* + 25 


Example 2 


; 3x —2 4 
2x? +2x+5 °~ 


1 
= 22%) +3 ay 
x* + 25 


_1 2x dx +3 dx 
~ 24x? +25 x? + 25 


= Slog, (x? + 25) + Zarctan$x + C 





_ (4x +2)-5 
~ J2x2 42x45 





_ 3 (4x +2)dx i dx 


~ 4Y2x2 42x45 2)2x?+2x45 
3 7 dx 
= jloss (2x? + 2845) 7 | 


= }log, (2x? + 2x + 5) —Zarctan (2x + 1)+C 


260 Some methods of integration 


Exercises 14c 


Integrate the following functions with respect to x: 





XT 3x —5 2x +3 
x? +16 x? + 36 x? + 2x +10 
3x+5 1 — 3x 6 x 
x? — 6x + 10 x? — 8x +25 x?—x+1 
7 x3 5x +1 9 x? 
x? — 6x + 10 3x? — 12x + 13 x? 42x +5 
3 2 
10 ax + 4x 
2x*+2x +5 


Denominator which resolves into rational factors of the first and second degree 


If the denominator factorises, we use the technique of partial fractions to 
express the integrand in a form suitable for integration. The three possible 
types of fraction are 


1 px+4q 1 
ax+b ax?+bx+c  (ax+by)? 





We have just considered the first two types and the third type integrates to 
-1 


a(ax + b) 
7x —4 
——.—_~ d 
Example I fr Sapa 
We note that 2x? — 3x — 2 = (x — 2)(2x + 1). Put 
7x —4 A B 


2x? —3x—2 x—-2 xt 
On multiplying throughout by the common denominator, we obtain 
7x —4 = A(2x + 1) + B(x — 2) 


With x =2 
10 =5A+0 
2=A 
With x = —} 
“26 2p 
3=B 


Rewriting the integrand in partial fractions, we have 


Ix —4 2 3 
fetstye-[A5e+f o 


= 2log. (x — 2) + $log, (2x +1) +C 
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ee 692 — 5x3 — 5x* 
ample CX 
P 3 &— Ne +2) 


We must first divide out because the numerator is of higher degree than 
the denominator. This division can be carried out using the technique of 
partial fractions. By inspection, we see that the highest power of x obtained 
by division is x? and we allow for this and all lower powers of x, including 
the constant in the partial fractions. Thus we set 

22 — 5x3 — 5x* D E 


Be Ye eRe 
Gaeta re eer ae 





therefore 
22 — 5x3 — 5x* = (Ax? + Bx + C)(x — 1)(x + 2) + D(x + 2) + E(x — 1) 
With x = 1 
12=04+3D+0 therefore D=4 
With x = —2 
—18=0+0-3E therefore E=6 


The other constants are found by equating the coefficients of various powers 
of x. 


For coefficient of x* 
—5=A 
For the constant term 
22 = —2C+2D-—E 
= —2C+8-6 
C= —-10 
Then with x = —1 
22 = (A — B+ C)(—2)(1) + D(1) + E(—2) 
22 = (—B-— 15)(—2) + 4-12 
30 = 2B + 30 
B=0 
Hence 
[= 5x3 ~ 5x4) 


3 @-Ix+d 


6 6 4 6 6 
= [seo eet [yet oe 
= [—3x? — 10x + 4log. (x — 1) + 6log.(x + 2)]$ 
= (—420 + 4log, 5 + 6log, 8) — (—75 + 4log, 2 + 6 log, 5) 
(Since log. 8 = log, 23 = 3 log, 2) 
= (— 345 — 2log.5 + 14 log, 2) 
= —3385 approximately 
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2x? — 10x 
Example 3 (ace dx 
Set 
2x7—-10x _ A ri B " C 
(x + 3)(x—1)? (x+3) (x—1) (x—1) 


(Note the partial fractions for the repeated linear factor (x — 1)*.) 


Therefore 
2x? — 10x = A(x — 1)? + B(x + 3)(x — 1) + C(x + 3) 
With x = 1 
—8=0+0+4C C= —-2 
With x = —3 


48 = 164+0+0 A=3 


Equating the coefficients of x? gives 2 = A + B, therefore B = —1 and so 


2x? — 10x 
(x + 3)(x — 1)? 


- (354 -{ dx 2dx 
Gea een le 


= 3log. (x + 3) — log. (x — 1) — alts —1)°?dx 


dx 





= 3loge(x + 3)—log.(x— 1) += + € 





Example 4 |B as dx = eateen 
Set 
_3ett Art By Co 
(x? + I(x +2) x?74+1 x+2 
therefore 
3x + 1 = (Ax + B)(x +2) + C(x? + 1) 
With x = —2 


—5 =0+5C therefore C= —1 
Equating coefficients of x? gives 0 = A+, therefore A = 1. 


Equating constant terms gives 1 = 2B +C, therefore B = 1. 


Change of variable 263 


Substituting these values of A, B and C gives 


—_3xt1o hed (x+1 ell 1 dy 
(x? + 1(x+2) ~  J(x? +1) (x +2) 
1{ 2xdx dx dx 





~2 jah? (x?74+1) |(x+2) 
= slog, (x? + 1) + arctan x — log, (x + 2) +C 


Exercises 14d 


Integrate the following functions with respect to x: 








, oak +1 1 
x? + 5x +6 6x? — 5x +1 
gee: 4x? —2x—7 
x—x? 2x? —3x—2 
2x3 + 7x? +2 x+62 
2x? +x (3x — 1)?(2x + 3) 
4x? — 3x45 6x? +5x—2 
(x +2)(x— 1) (2x + 1)%(x — 1) 
9 6x? + 10x? — 13x — 6 ‘a 4x 
3x3 + x? (x? + 4)(x? + 8) 
ia 1 i 8x? + 3x —3 
(x? + 4)(x? + 8) (2x? — 1)(2x + 3) 
x—2)? 1 
Dat Mra 
10 5 
is (x — 1)(x? + 9) ° (x + 1)(x? + 4) 
1 x* 
x? —(p +q)x + pq 18 2-9 


x 


" (x — a)\(x — b\(x — c) 





x 
a0 (x? + a?\(x? + b?) 


14.3. Change of variable 


Another widely used device in integration is to change the independent 
variable, say x, to another one, u, where the relation between x and u is known. 
Suppose 


l= fos cos x? dx 
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Let u = x”, so that du/dx = 2x. Then 
d 
I= Fe cos udx 


and since integration is the inverse of differentiation 


af ¥ cosu 
dx d 

OF Ot arceed 

dx du 
I 
—=cosu_ by (10.14) 
du 
I= [oosudu 


which is recognisable as a standard form, therefore 
I=sinu+C=sinx?+C (substituting for u) 


In general, we have 





ic OY ie [fu (14.1) 
dx 
For with 
i= ‘i —— dx 
dl _ iy 3 
dx dx 
dI dx 
dx du =a) 
dl 
rez 
du (u) 
Therefore 
l= ]f9 au 


The difficulty of the method lies in finding the relation u = ¢(x) which 
simplifies the integral. It must be remembered that: 


(i) One part of the integrand supplies the du/dx which has to be introduced. 
(ii) The rest of the integrand must be easily expressible in terms of u. 


Example 1 Evaluate I = §,/(x° — 5)3x? dx. 

Let u=x?—5, therefore du/dx = 3x”, which we note is part of the 
integrand. In fact, it is because we foresaw this that we chose the substitution. 
Therefore 
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d 
I= [vuSias 
= |ul/2 du 


= Ww? +C 
= 3(x? — 5)? +C 


Occasionally, k du/dx (k a constant) may be included in the integrand instead 
of just du/dx. 


Example 2. Evaluate J = Jere dx. 


Let u = —x?, therefore du/dx = — 3x? and so, after substitution, 


| ll 
| 
w| 
°° 
[4 
a 
= 


1d 

I | 
tl ule 
o Q, 

a 
+O 
io) 


x3 dx 
(3x4 — 5)® 
Let u = 3x* — 5, therefore du/dx = 12x? and so, after substitution, 


_ [14 dug, 
~ Ju® 12 dx 


Example 3 [= 


It is the more usual practice tomake the substitution u = ¢(x), differentiate it 


du d 
to obtain du/dx = $'{x)and then replace dx by du/‘(x) (a = du | a = = au), 


Example 4. I= [os — 1) Y(x? — 2x + 3)dx 
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Let u = x* — 2x + 3, therefore du/dx = 2x — 2 and so 


3, du 
T= fo I) Yura 


7 du 
= |o- opus 


1 
= 5 fut? au 


=F jutP+C 
= #(x? — 2x + 342 +C 





It will be noted that, of the five rules given earlier, III, IV and V are 
special cases of integration by substitution. 


Example 5 je dx 


Let u = (x — 2), therefore du/dx = 1 and so 


Jevtas = Jerau =e"+C=e" 74+C 


Example 6 Jsin 5x dx 


Let u = 5x, therefore du/dx = 5 and so 


1 
[sin Sxdx = |sinw > a 5 | sinudu 


= —$cosut+C 
= —tcos5x+C 
dx 
Example 7 (4— 3x 


Let u = 4 — 3x, therefore du/dx = —3 and so 


dx 1 1 1, _ 
later fes(-3) = -3)" i 
1 
Sry!’ gt = Gamage « 


n/4 


Example 8 | cot x dx 


Rr/6 
Consider the indefinite integral J = Jcotxdx: 


cos x 
T= — dx 
sin x 


Change of variable 


Let u = sin x, therefore du/dx = cosx and substitution gives 


7 ie du 


ue COSx 
du 

uw 

= log.u+C 

= log, (sinx) + C 


n/a n/4 
| cotx dx = to. (sin | 


n/6 n/6 
= log, (sinjz) — log, (sin $7) 








Hence 


a ee ee 
= 2 ©9 


= teee(Fa/3) 


= log. /2 
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An alternative approach when dealing with definite integrals is to change 
the limits of integration for the variable x into corresponding limits for the 


variable u. Thus for the above example, with u = sin x, when 


and when 


Therefore 
n/4 V2 dy 1/,/2 
J cot xdx = | —_—= c | 
2/6 172. 1/2 
=log,./2 as before 


Two devices may sometimes be necessary. 


3 2x dx 
Example 9 | 
2 (x* — 1) 


Let u = x?, therefore du/dx = 2x. 





When x = 2, u = 4; when x = 3, u = 9. Therefore 


*2xde4( 7. 24 > du (? du 
»e-l |gw—l 2 J|,w—t 
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Now we use partial fractions. 
1? 1 1 
== ——_ — ———_ |du 
I. E —1) (ut 5 | 


= ilove 1) — 5log.(u + | 


9 


2 4 
1 
= al (log. 8 — log. 10) — (log. 3 — log. 5)] 
1 
= zlloge 8 — log, 10 — log, 3 + log, 5) 
8x5 
1 = 1 4 
= 2108.39 x 10 zlog.3 


Exercises 14e 


Integrate the following functions with respect to x: 











1 yore 2 2 +2 3 eo Se. 
x,/(a x ) V9 = x?) 
1 COs x sin xX COs x 
4 — 3 pan eeee eee 7, SE TE, Ee 
: (log. x) (1 — sin x) (cos* x + 2 sin? x) 
x4 log. x 
a (x° + 6)’ ane 
1 1j/x 
11 tan> x sec? x 12 - 
x log. x as 


arcsin x 


Va = x?) 


2 
a (1+ x3)(2 + x3) 


Evaluate the following definite integrals: 


14 x?(x3—2)!* 15 








16 (be tan? x sec? x:dx 17 ea dé 
18 i dx (n>1) 19 ares du 

20 ites, dy 21 — 
22 I, is dx 23 - 87 dé 


1 tdt | 
eeecber 5 nr 
24 [. 4 2 {. sin (log, x) dx 


Trigonometric substitutions 


14.4 Trigonometric substitutions 
If the integrand involves 
(i) /(a? — x?), we try x = asin @ because then 
J(a? — x?) = (a? — a’ sin 8) = \/(a? cos? 8) = acos@ 
(ii) (a? + x”), we try x = atan@ because then 
Ja? + x?) = J(a@? + a? tan? 6) = ,/(a’ sec? 6) = asecO 
(iii) \/(x? — a), we try x = asec@ because then 
V(x? — a?) = J(a? sec? 6 — a”) = ,/(a’ tan’ 6) = atan 


2/3 dx 
Example 1 I, x? ](4 + x2) 
Let x = 2tan 0, then 


a 2sec? 0 


When x = 2, tan 6 = 1, therefore 0 = 2/4. 
When x = 2,/3, tan 6 = ,/3, therefore 0 = 1/3. 


Hence 
2/3 dx In 2sec? 0 a 
2 x*/(4+x7) Jag 4tan? 02sec 


* secO 
=; za tan? nz 


Example 2 | J(a? — x?) dx 
0 
Let x = asin 0, therefore 


= acos @ 
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When x = 0, sin 6 = 0, therefore 0 = 0. 
When x = a, sin @ = 1, therefore 6 = 2/2. 


Hence 


‘a n/2 
J(a? — x?) dx =) acos 6.acos 6d0 
0 10) 


n/2 
= | cos? 0d0 


0) 


az n/2 
-</ (1 + cos 26) dé 
2 Jo 


= at + oT 
2 2 |o 
a(n 

= (5 + 0) == (0) 
na? 

eer 


Some times other trigonometric substitutions can be used. 


- x 
Example 3 | | (=) dx 
0 4-x 


Let x = 4sin? 0, then 
dx ; 
40° 8 sin cos 8 


When x = 2, sin? 0 = 3, therefore 0 = 7/4. 
When x = 0, sin? @ = O, therefore 6 = 0. 


Hence 
7 x 4 sin? 0 0 
j Iles -)ax -|" ites Asin 1g) 8sin cos 040 


n/4 
=I asin 5 sin Gos Odd 
9 2cosé 





= 8 sin? 0d0 


n/4 
= | (1 — cos 20) dé 


0 


sin 20 |*/4 
24 6= 
[e-], 
= 4(jn — 5) 
=n-—2 





Integration by substitution is a fairly straightforward technique. The 
question of what is the correct substitution for any particular integral is not 
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quite so straightforward. We have mentioned, at the beginning of this section, 
three substitutions which often prove helpful. Some other useful substitutions 
were mentioned in the preceding section. We mention two others which are 
generally very satisfactory. If the integrand involves e', put u = f(x). If the 
integrand involves J(a + x), put u = /(a+ x). 


Exercises 14f 
Integrate with respect to x 
16 — x? 
1 x,/(x? — a) 2 x,/(x? + 4) 3 vise *) 


x l+x . 
‘a 5 Panne . 2 
: V(t — x?) JG **) [Hint: put x = cos 20] 
6 x,/(x + 1) 7 x? f(x — 1) 
Evaluate the following definite integrals: 

. 1 
8 J x/(1 —x?)dx 9 J x/(4 + x?) dx 

0 0 


1/2 x2 do 


10 nT 
0 v(l—x?) 


14.5 Integration of trigonometric functions 
1 
sin ax dx = —7 60s ax+C 
ies, 
Jeosaxas = —sinax+C 
a 
5 1 
sec* ax dx = 7 tanax +C 


1 . 
| cosec? axdx = —-cotax+C (ais a constant) 
a 


Certain trigonometric functions may be integrated after we have used the 
identities of Chapter 6 to express the integrand in terms of the standard 
forms given above. Of some importance are the two results 


|sin? xa = jc — cos 2x)dx = $(x —4sin2x)+C 
= 4x —A1sin2x +C 

Joos? ax = fic + cos 2x)dx = 4(x + sin2x)+C 
= 3x+4sin2x+C 


If the integrand is a product of a sine and/or a cosine of a multiple angle, 
it may be expressed as a sum by means of the identities (see (6.46) to (6.49)). 
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sin mx cos nx = }[sin(m + n)x + sin(m — n)x] 
cos mx cos nx = 4[cos(m + n)x + cos(m — n)x] 
sin mx sin nx = $[cos(m — n)x — cos(m + n)x] 


Example 1 | sin 3x cosx dx = | (sin 4x + sin 2x) dx 


—cos4x cos2x 


8 gate 





Example 2 | sin 5x sin 2x dx = f3tcos 3x — cos 7x) dx 


sin3x sin 7x 


6 14 


The integral f sin” x cos" x dx can be evaluated quite easily if m or nis an 
odd integer. If m is odd, the substitution u = cos x is used; if n is odd, the 
substitution u = sin x is used. 








+C 


Example 3 [sine x cos? x dx 





Put u = cos x, therefore du/dx = —sinx and so 
; : : du 
sin? x cos? xdx = — | sinx sin? x.u? — 
sin x 


= = sin? x? 


= i —u*)u?du (sin? x = 1 — cos? x) 


= —ju?+ que +C 
—4cos? x + $cos°x +C 





n/2 3d 
Example 4 | eee x 


5/4 Sitr® x 
Put u = sin x, therefore du/dx = cos x. 
When x = 32, u =sinjx = 1. 


When x = 47, u = singx = 1/,/2. 
Therefore 
"I2cos*x | [* cos?x du 
sin’ x Oe lias u®cosx 
1 1 = uz 


= | s— du (Note: cos? x = 1 —sin?x = 1 —u?) 
1/2 U 
1 











= (u~® —u~*)du 
1/,/2 


Integration by parts 273 


Example 5 | J (cos x) sin? x dx 


Put u = cos x, therefore du/dx = —sinx and so 
</(cos x) sin x* dx = |2/usin? x{ — Be 
sin x 


= — }u'?(1—u?)du 
(Note: sin? x = 1 — cos? x = 1 — u?) 
=— fue —u7!?)du 


— fut + Bul?P+C 
—3(cos x)*/3 + 74(cos x)! + C 


Exercises 14g 


Integrate with respect to x 
1 sin 7x cos 2x 2 sin3xcos 8x 3 cos 5x cos 6x 
4 sin 7x sin 5x 5 cos? xsin* x 6 cos® x sin® x 


sin* x 





7 i 8 
J(sin x) cos x ane 


Evaluate the following definite integrals: 


2n n/2 5 
9 | sin5xcos3xdx 10 | oe dx 


0 x3 sin’ x 


14.6 Integration by parts 
This is a method for integrating a product of two functions. From 


du dv 
dx dx 


on integrating both sides with respect to x, we have 


du dv 
= —d — 
uv i xt fuZ ds 


dv du 
f ae dx = uv — fe Be dx (14.2) 


whence 


274 Some methods of integration 


The product to be integrated is u x dv/dx and to obtain a slightly different 
version of the above result we consider u and dv/dx as being the ‘first’ and 
‘second’ parts of the product, noting that, if dv/dx is ‘2nd function’, 
v= { ‘2nd function.’ The formula is then 


fase x 2nd = Ist x | ne _ | ecrivative of ist x | ne) (14.3) 


Note that 


(i) one function, ‘2nd’, must be integrable; 

(ii) the other function, ‘Ist’, is never integrated. 

Thus if this method is used to integrate the product of two functions, we 
first look for a function which can be integrated immediately. If there is only 
one, this is taken to be the ‘2nd’ function; if both functions are integrable, 
we generally choose as the ‘Ist’ function the one which simplifies most on 
differentiation. 


Example | fre dx 


Both x and e%* are easily integrable, but as x becomes simpler on dif- 
ferentiation, we use them in the given order. 


Jr dx = xfer dx — {see ax| dx 
dx 





Example 2 Jv sin x dx 


By the same reasoning as before, we treat this product in the order given. 
: ‘ d , 
Jv sinxdx = x? [sin xdx — {lz ox) sin x ax| dx 
x 
= —x?cosx + |2xcosxdx 


We now apply the rule to the second integral, taking care to keep the trigono- 
metric function as the ‘2nd’ function, therefore 


Jv sinx dx = —x*cosx + 2x Jos xdx — lz (2x) [eo x ax| dx 


= —x?cosx + 2xsinx —2 | sinx dx 


= —x*cosx + 2xsinx +2cosx +C 


Example 3 J» log, x dx 


Of the two functions involved, we see that x° is the only one which is 
immediately integrable, therefore 
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[rv log. xdx = flog. x.2° dx 
3 d 3 
= log. x | x°>dx — || — (log. x) | x*° dx |dx 
dx 
4 4 
= log. x.—— = [:4 dx 
x 


= 1x* log. x —px4 + C 


Example 4 f= arctan xdx = [arctan x.xdx 


= arctan x J dx — {lz (arctan x) J ax| dx 


1x? arctan fe 
= x —_— ee ny 
2 1+x? 2 

1 


1 5 
12 t —, -— d 
= 5x" arctan x 54 z |dx 


= $x? arctan x — $x + farctanx +C 





Example 5 [osexax = floes x ldx 


d 
flog.» x Idx = logex [1 dx - [4 (log. x) x fi ax Jas 


1 
= xlog.x — |—xdx 
x 


= xlog.x-—x+C 


Example 6 [arcsin xa = [atesin x 1dx 


[aresin x 1 dx = arcsin x1 dx — lle (arcsin x) x fi ax Jas 


x 
Jaa 


For the latter integral let u = 1 — x, therefore du/dx = —2x and 


: F x du 
arcsin xdx = xarcsinx — |—-| ——- 
Ju\ 2x 


= xarcsinx + a pe 
= 5 uP 


x arcsin x — 


= xarcsinx + /u+C 
= xarcesinx + \/(1 —x?)+C 
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Exercises 14h 


Find the following integrals 


n/2 
1 xerox 2 | x cos 2x dx 3 | cos200 
10) 
2 
4 [re 5 Je sinxas 6 | t*log.tdt 
1 
V3 
7 J saresn xa 8 [toe 3x dx | arctan 0d0 
1 


n/4 
10 fo sin m0 d@ 11 | x sec? x dx 12 ce. x)? dx 


0 
13 Fores dx 14 fre dx 15 |see?xax 
1+cosx sin“ x 


14.7 Further integration by parts 


The following examples indicate some useful ways of proceeding. 


Example 1 Je sinxdx = ein x— f[e-fsin x ax| dx 


= —e*cosx + |e*cosxdx 
Therefore 


e*sinx dx = —e*cosx + e* [cos xd 
~ || e feos ax Jas 
= —e*cosx + e*sin x — [ersin xx 
We note that on the RHS we have the original integral, therefore 
2 Je sin x dx = e*(sin x — cos x) 
[ersin xdx = 4e*(sin x — cos x) + C 


Example 2 [ve — x”) dx 


We have previously used a trigonometric substitution for this type of 
integral (see Section 14.14, Example 2). 
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[ve - ax x [ve-= x dx 


aves el Yo=x) [taxa x 


— — y2)_ |. 

= x,/(9 — x?) Jens 
9— x29 

= x/(9 — x?) a ay OX 


Therefore 
ve —x?)dx = x./(9 — x?) — ve — x”) dx + 9arcsin}x 
2 | vo —x?)dx = xJ/(9- o + 9 arcsin 4x 


ve — x?)dx = ~——_ ae *VO— >) 5 Parcsin® + C 


Exercises 14i 
Integrate the following functions with respect to x: 
1 e*cosx 2 e ?*sin 3x 3 e**cos4x 


4 J(16+ x?) 5 cosec?x 


Exercises 14 


1 Show that 
(i) [cos xsin? xdx = 3sin?x +C 
(ii) [tan® x sec? xdx = ¢tan°x + C 
(iii) J 2x(x? + 1)3 dx = 4(x? +1)*+C 
2 Find the following indefinite integrals: 


(i) | (2x + 1)9/? dx (ii) (iii) | sect 0d0 














: 3 ——__—£+$—_ 
(iv) | tan? x sec x dx (v) tt aay (vi) w [are 246x410 
( cos x dx e?* 
is d 
vn) j3+¥sinx wn) Fe +e ™ (x) ese ae ve 
( : sin x a (eens 3 
(x) eee S5xsin2xdx (xi) | ea (xii) J sin” x cos” x dx 
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3 Find the following integrals: 


x+1 .. [(x— 1)(x + 2) 
(i) \eoaa —3x+ 74 (i) x(x + 1) ae 


ds . 2 dx 
(iii) = Hie Ee 4) (iv) ig x? — 16 
(3x + 2)dx al x dx 
Oy a= Gee), 1) oF DO? +9) 
(5 — 3x + 4x?)dx 
(i- x)(2— x —x?) 
4 At any point P(x, y) on a curve the product of x? and the slope of the 


curve is 2. If the curve passes through the point (1, 4), find its equation. 
5 Show that 


(vii) 


2 
| xlog.(x? + 1)dx = $log.5—log.2—%  [WIC, part] 
1 





6 Evaluate 
nf2 n/4 
(i) | ee a (ii) | x sec? x dx 
o 1+cosx 0 
iii) ; 2 arctanxd iv) marclans dx 
xdx 
(iii : x ( a ee 


7 Evaluate 
Pa fi xdx 7 3x? -1 
() i arpetsy | axe —1) ** 
n/2 n 
(iii) | sin> x dx (iv) | x? sin x dx 
0 0 


8 (a) Evaluate 
1 


n/a 
(i) | sin5xcos3xdx _ (ii) | xe” 3*dx 
(0) 


i) 


(b) Show that 


n/4 
| (tan? x + tan x) dx = 4 
0 


Hence evaluate 
nl4 
| tan? x dx [JMB] 
0 
9 (a) Use the substitution y = sin x to evaluate 


* cosxdx : 


se = in~! 
1 aaa where a = sin” *(3) 
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b) Eval ona JMB 
(b) Evaluate : Ja+x) x [ ] 
10 (i) Evaluate 


4 (2 _ 1)2 n/4 
(a) | Pas 36 | sin Sxsin ded 
2 x 


0 


3 
“ ‘ x 
(ii) Find [ea dx [LU] 
11 Evaluate, to three significant figures, the integrals 
2 1 2 
(atts Cities [ime 
i peers [SUJB] 
12 Find 
2 
(i) [xy@—xdx (ii) tS dx Gi) [sine x2 cose) dx 
[WJC, part] 


13 Show that 1 + sin 20 = (sin + cos@)*. Hence evaluate 
J(1 + sin 20)d0 
“ n/2 
14 Prove that cosmx cosnx = 4[cos(m + n)x + cos(m—n)x]. Hence show 
that 


26 
| cosmxcosnxdx =O msn 
0 


Find the value of the integral when m = n. 
15 Use the substitution x = acos? 6 + bsin? 6 to evaluate 


dx 
(x — a)(x — b) 
Also evaluate 
dx 


lee Yr 
16 Use the substitution u = t — 1/t to show that 


+l du 
t*+1 © Ju? +2 


and use the substitution v = t + 1/t to show that 


breed ae. dv 
oe a |e) 


dt 
Hence evaluate I; care ies terms of u and v. 
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log. ae 
17 Evaluate | “dx, considering separately the three cases n = 0, n = 1, 


and n #0 or 1. 
18 Prove by two different methods that 


[vce — a?) dx = 5x,/(x? — a?) — 5a? log {x + /(x? — a?)} 
19 Evaluate 


t nx 
(i) ae = dx (ii) sin x cos" x dx 
1+x 0 





20 Show a0 2x3e7*? dx = 1 _2 
0 e 


21 Show that 





x € s 
Je cos bx dx = aR (b sin bx + acos bx) 
n/2 


Hence evaluate | e?* cos 3xdx 
(0) 


nf2 
22 Prove tat [ x?cosxdx = 4n?—2 
0 


23 Use the substitution x = cos 26 to prove that 


ce 
24 Bvatuate {| Jax 





25 Evaluate 
3x + 4 x? +5 
1 ‘is : 
0 (F622 oN le Dea 
26 Evaluate 


3,/3/2 dx 
x?,/(9 — x?) 


i) 


(i) ie cos* x sinx dx (ii) es (/ cos x) sin? x dx (iii) {. 





d ; 1 
27 Prove that qx log (tan5x)} = cag 


Hence show that 
[Gee = 2log(sec4x) 


Verify this result by using the formulae 1 —cosx = 2sin?4x and 
sin x = 2sin}x cos4}x. 
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28 Evaluate [va — x?) dx 


29 Integrate x3/(x? + 1)? with respect to x, by the substitutions (a) x = tan 0, 
(b) x? + 1 =u. Verify that the two results agree. 
30 Prove that 


n{2 
| x? sinx cos x dx = z4n? —4 
0 


nla 
31 (a) Evaluate | (sin x + cos x)? dx 
oO 


(b) Find [=P [AEB] 


32 (i) Use the substitution t = tan}x to show that 


n/2 dx 
—_________ = In2 
o 1+sinx +cosx 
(ii) Obtain | x sec? x dx [LU] 
33 Evaluate 


n/2 

(a) | sin 26 sin 6 dé 
1 

(b) | xe* dx 
= 


1 
(c) J x/(1 — x)dx, by putting x = 1 — t? or otherwise. [LU] 
0 


34 (a) Find constants a and b such that, for all values of x, 
2sinx + 3cosx = a(3sinx + 2cos x) + b(—2sinx + 3cos x) 


Using this result, find 


2sin x + 3cosx 
dx 
3sin x + 2cos x 


(b) By using the substitution x = u — 1, or otherwise, evaluate 


32x41 


ovat) (CJ 


35 Show that 


; dx =1 
—_——_—_—_———~ dx = log. 
sxeDOQxe) 


where «@ is a rational number to be determined. [JMB] 
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36 Evaluate 


, 1/2 xdx és 1 oe 
(i) [, Va —x) (ii) i xe *dx 


37 Find the constants A, B, C in the identity 


3x? — ax 3-4 7 Bx + Ca 
(x —2a)(x? +a”) (x—2a) x?+a? 


where a is a constant. Hence prove that 


a 3 2 
| pel rience ot AS = in —3log,2 


9 (x — 2a)(x? + a?) 
38 Find 


(i) |e —1)?dx (ii) ic 6,/(1 + sin6)dx 


39 By substituting x = sin 0, or otherwise, evaluate 
1/,/2 x2 
ana dx 
o (1-x’) 


leaving your answer in terms of z. 
40 Prove that 


a a 


Hence prove that, if 0 < B < 52, 


"8 9d0 ; 
{ and = mIncot 5B 


b b 
| f(x)dx >) f(ia+b—t)dt 


[O] 


[JMB] 


[AEB] 


[JMB] 


[0] 


15 
Some applications of the integral calculus 


15.1 Further examples on area 


Example 1 Find the area under the curve y = sin(3x + 2/3) between 
x = —7/18 and x = 7/9. 





Figure 15.] 


n/9 
Area -| ydx (see Figure 15.1) 
—2/18 


= i sin (3x + 2/3) dx 


—n/18 
n/9 


= | — Hosta + “/3) 
—n/18 
= —}cos$n+4cosin 
_ity3 
6 


Example 2. Find the area contained between the two parabolas 4y = x? 
and 4x = y?. 
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From Figure 15.2 the area required is OABC. We first find the point of 
intersection of the two curves, ie. B. At B, 4y = x? and 4x = y? and we solye 
these two simultaneous equations. From the first equation, y = x/4; substi- 
tuting in the second equation, we have 


x4 
apes 
** 16 
x* — 64x =0 
x(x3 — 64) = 0 


x=0 or x?=64 giving x =4 





Figure 15.2 


The points of intersection of the two curves are thus the origin (0,0) and 
B (4, 4). If BD is the ordinate at B, 


area OABC = area OABD — area OCBD 


4 4y2 : 
=| J4xdx— | —dx 
0 o 4 


(Note: the positive square root is taken because we are dealing with the top 
half of the curve 4x = y?.) 


Therefore 
4 1 4 
area OABC = 2| x? dx -;| x? dx 
0 4 0 
= 2) 2,372 Yipee 
3 o 41.3 Jo 
16 1| 64 
= 2) —-—0]|--| —-0 
[s-°]-[ 5-9] 
= 16/3 
When the area between the y-axis and a curve is required, the integral is, 
by symmetry, 
y=d 
| xdy (15.1) 
y=c 
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yn 





Figure 15.3 


Example 3 Find the area between the curve y = x°, the axis of y and the 
lines y = 1, y = 8 (Figure 15.3). 


8 
Area = | xdy 
1 


| 


8 
34/378 
wee yi 


y'* dy 


318] — 30148] 
114 


We note that, in representing the area under a curve between the ordinates 
x = aand x = b by [7 y dx, we have assumed that b > a and that the ordinates 
are positive throughout the range of integration. If this is not so, it is clear 
from Figure 15.4 that the integral i? ydx gives the numerical value of the 
area but with a positive or negative sign, according as the area is to the right 
or left of the curve, which is supposed described in the direction from P to Q. 

If the curve cuts the axis in the range, the integral gives the difference 
(positive or negative) between the area to the right and that to the left. 





Figure 15.4 


Example 4 Find the area included between the curve y = x* — 4x? + 3x 
and the x-axis. 
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Figure 15.5 


From the sketch of the curve (Figure 15.5), we see that we have to find the 
areas of the two parts A and B respectively. 
The curve cuts the x-axis where y = 0, therefore 


x3 — 4x? + 3x =0 
x(x? — 4x + 3) =0 
x(x — 1)(x — 3) =0 
x=0 1 or 3 


The areas A and B are found as follows: 


1 
area A= | ydx 
0 


1 
= | (x3 — 4x? + 3x) dx 
0 


= [xt $0 +72 


=[4-$+3]-0=% 


3 3 
area a= | vax = | (x3 — 4x? + 3x)dx 
1 1 
= [gx* —$x° + 3x7]? 
= (%-36+747]--$+3] 
= -2)-4 
= 22 


Therefore, the total area = 35, + 23 = 374. 


Example 5 Find the area of the curve x? + 3xy + 3y? = 1. 

The area is the limit of the sum of the areas of strips like PQ of width 
dx (see Figure 15.6). Now if P has ordinate y, and Q ordinate y,, noting 
that neither upward nor downward movement of Ox alters the length PQ, 


we have 
area = lim ) PQ 6x 


6x70 
= lim }'(y1 — y2) 6x 
6x70 


= | yY1 —)y2)dx with the appropriate limits 
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Figure 15.6 


The two values of y are found, in general, by solving the equation as a 
quadratic in y, namely, 3y? + 3xy + x? —1=0: 


_ —3x + J/[9x? — 12(x? — 1)] 
7 6 
xe J(12 — 3x?) 
=. rT Te 
The two values of y are 
3 — 3x2 Par es _ 4,2 
x+/(12 3x°) add 3x J(12 3x°) 
6 6 
Hence 
2/(12 — 3x?) _ /[3(4-x?7)] 
0 A a a a 
6 3 
Now the limits of x are the values for which y, — y, = 0, that is 
4-—x?=0 x= +2 


therefore 
2 ae) 
area = | Ns 
-2 


1 2 
= =3| JV(4— x?) dx 
2 
To evaluate this integral, let x = 2 sin 0, then 


R{2 
area = al 2cos6.2cos 6d0 
V3 —n/2 


2 [- 2 cos? 6d0 
=— cos 
V3 ~n/2 
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nl 2 
| (1 + cos 26) dé 


—n/2 


2 

3 

2 sin 20 }*/2 
a lee | 

al 2 = n/2 

2 





Exercises 15a 


1 Find the area between the curve y = tan x, the x-axis and the ordinates 
x =Oand x = 2/4. 

2 Find the area between the curve y = x? + 1/x, the x-axis and the ordinates 
x =1 and x =3. 

3 Find the area between the curve y = —x? + 5x and the line y = 6. 

4 A (2, 8) is a point on the curve y = x’, O is the origin. Lines AB, AC are 
drawn from A perpendicular to Ox and Oy and meet these lines at B and 
C respectively. Find the areas OCA and OBA and verify that their sum 
is the same as the area of the rectangle OBAC. 

5 Find the area contained between the parabola 9y = x? and the line 
3y=x+6. 

6 Find the area enclosed between the curve 9y = x’, the y-axis, the line 
y = 4 and the line x = —1. 

7 Find the area enclosed between the parabolas y? = x and x? = y. 

8 Find the area of the two segments bounded by the x-axis and each of the 
curves (i) y = x3 — x, (ii) y = x? + 2x? — 3x. 

9 Find the area of each of the curves (i) 2x? + 6xy + 6y? = 1, (ii) 5x? — 12xy 
+ 12y? = 2, (iii) 3x? + 10xy + 10y? = 2. 

10 Find the area of the loop of the curve y? = x?(x — 1)”. 


15.2 Mean values 


Suppose that the function ¢(x) is continuous and finite in the range x = a 
to x = b. Divide the range b—a into n equal parts each of length dx. 
Hence 


nox =(b—a) (15.2) 


Let $(x;,), b(x2), ..., O(Xn) be the values of the function at some convenient 
point in each interval, say the middle (sometimes the beginning is taken), then 


lim “[(x,) + (x2) + ... + (Xn) ] (15.3) 


is known as the mean value of the function (x) over the range a to b 
with respect to x. It is a natural extension of the usual average. Since from 
(15.2) 


Mean values 


1 Ox 


n b—a 





the mean value of $(x), over the range a to b with respect to x, 


no D — 





1 b 
= lim }' $(x)dx ((b — a) is a constant) 
b —@éx-+04 


e = dx by (138) 
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(15.4) 


Geometrically, f20(x) dx is the area BCNK under the curve (see Figure 
15.7) and (b — a) is the distance KN. If LMNK is a rectangle whose area is 
equal to the area under the curve, then the mean value is represented by the 


height MN of this rectangle. 


If it is possible to express ¢(x) as a function of another variable, say u, 
the mean value with respect to u will, in general, differ from the mean value 
with respect to x, and it is important to notice which mean value is required. 





Figure 15.7 


Example 1 When a particle falls freely from rest, its speed at any time t 
sec from the commencement of its motion is given by v = 980t or v* ='1960s, 
where s is the distance fallen. If its speed on impact is 2450 cm/sec, find 


its mean speed (i) with respect to time, (ii) with respect to distance. 


(i) Since v = 980t on impact, 2450 = 9807, where T is the time taken to 


fall. Therefore, the time of falling is 24 sec. Thus 


1 2°5 
d = —— dt 
mean spee 25 {, v 


1 2:5 


= __ Ort dt 


_— 1 272°:5 
= 55 [490t *]¢ 
= 1225 cm/sec 


(ii) Since v? = 1960s (given) on impact, 2450? = 1960s, where s is the 


distance fallen. Therefore s = 3062:5 cm. Thus 


1 3062-5 
mean speed = ams |, vds 
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1 30625 
= anrale 1960s ds 
3062°5 Jo 
1 3062-5 7 
= 0625 i s/2 ds 





= i” x14 aS 


= 1633-3 cm/sec 


Another mean value which is used, particularly in electrical engineering, is 
the root mean square or RMS value of a function over a given interval: 


RMS = J{pta], ora (15.5) 
b-aJ, 


and is the square root of the mean value of the square of the function. 


Example 2. An alternating current is given by i = J sin (St + 2/3). Find the 
RMS value for i taken over the interval 0 to 27/5 sec. 


5 2n/5 1 
2 2 in2 nx 
(RMS value) al I* sin (s+) ar 


512 2n/5 | an 
a ae 3 | —eos( 100+ 2) | 
sf 2n\ pr 
cll eer ols area 
an | 10 sin( m5 )I 


= 12/2 
Hence RMS value is 1/,/2. 


In practical problems, the values of the function $(x) can often be found 
only at isolated points. If the intervals between these points are all equal, 
then an approximate mean value is found from 


“[b01) + OC) +. + 605)] 
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If the intervals are not all equal, the values may be plotted on a graph. 
Then a smooth curve is drawn through the points and a set of values of $(x) 
at equal intervals, read off from the graph. These latter values may then be 
used to find an approximate mean value. 


Exercises 15b 


1 A quantity of steam follows the law pv®’7> = 10000, p being measured in 


N/m?. Find the mean pressure as v increases from 1 m? to 16 m%. 
2 Find the mean value and the RMS value in each of the following cases: 
(i) sin @ in the range 0 to z. 
(ii) sin @ in the range 0 to 2z. 
(iti) sin @ + cos @ in the range 0 to 2z. 
(iv) I sin(10t + 7/4), the values of t being taken over one period t = 0 to 
t = 27/10. 

3 A body is dropped from a height of 1960 cm. Show that the mean value of 
its speed until just before it hits the ground is (a) 980 cm/sec with respect to: 
time and (b) 1306-66 cm/sec with respect to distance. 

4 Show that the mean value of the ordinates of a semicircle of radius a 
drawn through equidistant points on the diameter is {na. 

5 The following table gives the values of a current, i amps, in a circuit at 
various times, t sec. Find the mean value of the current. 


t 0 6 8 11 17 20 23 28 33 37 40 
i 0 510 640 800 975 1000 975 840 580 275 0 





15.3. Volume of a solid of revolution 


Consider the volume swept out when the area enclosed by the curve y = (x), 
the x-axis, and the ordinates x = a, x = bis rotated through 22 radians about 
Ox (see Figure 15.8). 

Let KB and NC be the ordinates at the points x = a and x = brespectively. 
Divide KN into n parts each of width 6x. Let L, M be two consecutive points 





Figure 15.8 
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of subdivision, LP, MQ the respective ordinates. Complete the rectangles 
PGML, FQML. 

Then all such rectangles as PGML will sweep out thin circular discs of 
area my? and thickness 6x, ie. of volume zy? 6x. The sum of all such discs 
will be less than the volume required. Similarly, all such rectangles as FQML 
will sweep out thin circular discs of volume z(y + dy)? 6x and the sum of all 
such discs will be greater than the volume required (note the curve has been 
taken as increasing from x = a to x = b). Thus 


b b 
¥ ny? 6x < required volume of revolution < }' n(y + dy)? 6x 
Now in the limit as 6x — 0, dy +0, and we have 


b 
required volume of revolution = lim }\ ny? dx 
6x70 a 


b 
=| ny? dx (15.6) 


a 


Example 1 Find the volume cut from a sphere of radius a by two parallel 
planes distances h,, h, from the centre (h, > h,) and both measured in the 
same direction. 

A sphere is swept out by the rotation through 2z radians of a semicircle 
about its bounding diameter. Take the centre of the circle as origin and the 
bounding diameter as the x-axis. Then by (15.6) 


h 
required volume = | ny” dx 
At 





Figure 15.9 


The equation of the semicircle is x? + y? = a, therefore 


ho 
required volume = “| (a? — x?) dx 
At 
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3 x3 hy 
=| ax- > 
3 Ay 


=n[a(hz —h)- 3(h,3 oa hy?)] 
=}n(h, = h,) (3a? = (h,? + hyhz + h,’)] 


Note that if we put h, = aand h, = a —k, we obtain the volume ofa spherical 
cap of height k, that is 


volume = 4x[a — (a — k)] {3a — [a? + a(a—k) + (a—k)?]} 
= 3nk(3a? — a? — a? + ak — a? + 2ak — k?) 
= 4nk(3ak — k?) 
= nk? (a — 5k) (15.7) 


When any portion of the area contained between a curve and the y-axis 
is rotated about the y-axis, the volume swept out will, by symmetry, be 
¥=4 nx? dy but in other cases we may not be able to quote these formulae 
but have to return to first principles. Consider Example 2. 


Example 2 Find the volume swept out by revolving the area between the 
curve y = e**, the x-axis and the ordinates x = 1, x = 2, through 2z radians 
about Oy. 





Figure 15.10 


Referring to Figure 15.10, divide the volume into the shells by cylinders 
whose axes are the y-axis and whose radii are at equal intervals 6x from 
x = 1tox = 2. The volume ofa typical shell contained between two cylinders 
of radii x and x + 6x can be obtained if we consider the shell cut and flattened 
into a plate which will be approximately of length y, width, 27x and thickness 
6x. That is, whose volume is 2xxy 6x. Therefore 


x=2 
required volume = lim )° 2axy 6x 
6x70 x=1 


2 
-| 2nxydx (see (13.8)) 
1 
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But y = e”*, thus 


2 


required volume = 2" xe?* dx 
1 


2x2 
= = (by integration by parts) 
2 4h 


= 2n(e* — 4e*) — 2n(Se? — 1e?) 
= 2n(ge* — ie’) 
wx 245-7 


Exercises 15c 


1 


Find the volume swept out when the area between the parabola y = x? + 1, 
the x-axis and the ordinates at x = 2 and x = 3 is rotated through 22 
radians about the x-axis. 

Show that the volume of a sphere of radius a is $xa°. 

Find the volume generated by rotating the area bounded by the axes and 
the curve y = cos x between x = Oand x = 2/2, through 2z radians about 
the x-axis. 


4 The portion of the curve y = x” + 2 between the points (0, 2) and (1, 3) is 


10 


rotated through 27 radians about the y-axis to form the surface of a bowl. 
Find the volume of the bowl. 

Find the volume swept out when the area between the parabola y” = 4ax, 
the x-axis and the ordinate x = h rotates through 2x radians about the 
x-axis. 

Find the volume of a cylinder of height h, radius of base a. 

The ellipse x?/a? + y?/b? = 1(a > b) is rotated through z radians about its 
major axis. Find the volume swept out. What would the volume be if the 
ellipse were rotated about the minor axis? 

Show that in the solid generated by the revolution of the rectangular 
hyperbola x? — y? = a? about the x-axis, the volume of a segment of 
height a measured from the vertex is $za°. 

Find the volume generated by rotating a loop of the curve y? = x?(x — 1)? 
about the x-axis. 

Find the volume swept out when the area between the curve y = e>*, the 
x-axis, the y-axis, and the ordinate x = 3 is rotated through 27 radians 
about Oy. 


15.4 Centres of gravity 


Consider a number of particles of masses, m,, m2, ... situated at points whose 
co-ordinates are(x,, y;), (x2, y2).... Then the point G (x, y) whose co-ordinates 
are given by the equations 


PL ead I Sat Se 
my tm,+... =m (15.8) 
f= Cae ey : 





m+m,+... =m 
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is defined as the centre of gravity or centre of mass of the system. 

We have assumed that the masses all lie in a plane. If they are not coplanar, 
then each point will have a third co-ordinate z,, z2,... and G will also have 
a third co-ordinate defined by z = Xmz/Zm. 





Figure 15.11 


In the case of a solid body (Figure 15.11), we consider it split up into a 
large number of very small elements each of mass 6m and then the centre of 
gravity is defined as the point G whose co-ordinates (x, y, Zz) are given by 








x= a Sono by(13.8) 
se an (15.9) 
[ram {: dm P 
y = —— Zz = 


The summations and integrals are taken throughout the whole body. 


Example 1 A circular arc of radius a, subtends an angle 2a at its centre. 
Find the centre of gravity of the arc. 

Take the centre of the circle as the origin and the x-axis along the medial 
line. Let p be the mass of the arc per unit length, then the length of a small 
element of the arc is ad@ and its mass is pad (Figure 15.12). Therefore 


O=a 
| xpad@é 


i= (y = 0 by symmetry) 
| pa dé 
@=-a 


| acos 0 pa dé 


| padé 


_ a{sin 6]*, 
[6}*. 
_a sin a 








a 
Note that for a semicircle a = 2/2 and x = 2a/n. 
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Figure 15.12 


Our small elements of mass 6m have been taken as small arcs of length 
aé@ and mass apoé@. Their moment about the y-axis (xém) has been expressed 
in the form acos@ padé, which is a suitable expression for integration with 
respect to 0. 

In general, when we are dealing with a lamina or a solid, the small 
elemental masses 6m, and their moments xém or yém about the axes, are 
expressed in the form f(9) 60, where 6 is some convenient variable for which 
the integrations can be carried out. We shall find it convenient to make use 
of the symmetry of the body (if it exists) in choosing the variable @ and the 
elemental masses. It is important to notice that the ‘x’ in (15.9) is now the 
distance of the centre of gravity of the elemental mass from the y-axis. 
Similarly, the ‘y’ is the distance of the centre of gravity of the elemental mass 
from the x-axis. 


Example 2 A sector of a circle of radius a subtends an angle 2« at the centre 
of the circle. Find its centre of gravity. 

We take the centre of the circle as origin and the x-axis along the medial 
line (Figure 15.13). By symmetry, y = 0. 





Figure 15.13 


We divide the sector by a large number of concentric arcs into sections 
such as PQRS. Let OP = r, OQ =r + or. Then 


area PQRS = 2radr 
mass PQRS ~ 2rapér 
where p is the surface density of the sector. 
Now by the result of Example 1, the centre of gravity of PQRS is at 


a distance (rsina)/« from O along Ox. Its moment about Oy is thus 
2rapér(r sin «)/a. Therefore 
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= ___,_______ (since p is assumed to be constant) 





For a semicircle, « = 2/2 and so 


4a 


aie 


(15.10) 


Example 3 Find the centre of gravity of a uniform solid hemisphere. 

Take the centre of the hemisphere as origin and its axis of symmetry as 
Ox. Let p be its density. 

Divide the hemisphere into elemental discs of width 6x by planes parallel 
to its plane end (Figure 15.14). The mass of a disc is approximately ny2p 6x 
and the distance from the origin to the centre of gravity of a disc is 
approximately x. Since by symmetry y = 0 = 2, we have 


| xny*p dx 
vO 


a 
| ny?p dx 
0 


x= 


Figure 15.14 
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The equation of the bounding circle is x? + y? = a. Thus 
no x(a? — x”) dx 


Tp [ie — x?) dx 


(0) 


Exercises 15d 


1 Find the centre of gravity of the following (in all cases the mass per unit 

area is assumed to be constant): 

(a) the area enclosed by the parabola y? = 4x and by the line x = 1. 

(b) The area between the curve y = sin x and the x-axis from x = Otox = 2. 
(c) The area formed by one loop of the curve y? = x(x — 1)?. 

2 Ifthe loops of the curves in question 1(a), (b) and (c) are each rotated through 
2x radians about Ox, find the centres of gravity of the solids so formed. 

3 Find the centres of gravity of the following: (a) a plane isosceles triangle, 
(b) a quadrant of a circle, (c) a solid cone, (d) a frustrum of a cone height h, 
radii of its ends a and b (a> b). 

4 By dividing the sector of a circle of angle 2« into elemental sectors of angle 
60, find the position of its mean centre. (Use the result of question 3(a).) 
Compare your result with that of Example 2, Section 15.4. 

5 Find the position of the centre of gravity of the area contained between the 
positive co-ordinate axes and the astroid x7/3 + y?/3 = q?/3, 


15.5 Area enclosed by a curve in polar form 


Section 17.1 introduces polar co-ordinates and in Section 17.8 the polar 
equation of a curve is discussed. 

Figure 15.15 shows the eurve r = f(@). We shall find the area enclosed by 
the curve and the two lines OA and OB joining the origin to two points A 
and B on the curve. 

Let AOx = 0, and BOx = 03. We divide the arc AB into n parts. Let 
Pir, 26) and Q(r + dr, 18+ 60) be two neighbouring points on the arc. 
LPOx = 0, LQOP = 66. 


Area of sector POQ ~ area of APOQ = 3r(r + 6r) sin 60 = 5r760 
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Ve 





Figure 15.15 


Therefore 


area of sector AOB = lim )'5r760 
60>+0 


68 
= | 47?7.d0 (15.11) 


OA 


where 6, and 9, are the polar angles of A and B. 


Example ]_ A has cartesian co-ordinates (2, 0). The line AB has the polar 
equation rcos@ = 2 and 4 AOB = 7/3. Use (15.11) to find the area of the 
triangle AOB and verify that the result is correct. 

The point with cartesian co-ordinates (x, y) has polar co-ordinates(r, 6), 
where rrcos@ = xandrsin @ = y(see(17.1)and(17.2)). Thus thelinercos@ = 2 
is equivalent to x = 2 and lies parallel to the y-axis at a distance of two units 
from it. The situation is shown in Figure 15.16. 





Figure 15.16 


AB has equation rcos@ = 2, i.e. r = 2sec 6. Therefore 


n/3 
area AOB = | 


0) 


"/3 
4r?,d0 = | 2sec?0 dd 


0 


=[2tan 0]§? = 2tan 3x = 2,/3 


This is clearly correct since OA = 2, AB = OAtan4n = 2/3 and area 
AOB = 5OA.AB. 
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Example 2 Find the area enclosed by the cardioid r = a(1 + cos 8). 
From Figure 15.17 (see also Figure 17.17 for further details), the required 
area is, by symmetry, 


a=af 47? dO 
0 
- «| (1 + cos 6)? dO 
0 
-«| (1 + 2cos 6 + cos? 6)d@ 
(0) 


1+ 7 a (cos 20 = 2cos? 6 — 1) 





=2| (: +2cos6+ 
0 


=a’[9+2sin9 +40 +4sin20]§ = 32a? 


Figure 15.17 


Exercises 15e 


1 Verify using polar co-ordinates that the area of the circle r = 3 is 9z. 

2 Verify using polar co-ordinates that the area of the circle r = acos@ is 
ma*/4. 

3 Find the area bounded by the spiral r = a@ and the lines 6 = 0 and 0 = 2/4. 

4 Find the area bounded by the curve r = a(1 + cos@) and the lines 6 = 0 
and 6 = 2/2. 

5 Find the area bounded by the spiral r = e® and the lines 6 = 0, 0 = 32/2. 


Exercises 15 


1 Show that the curve y? = x*(4 — x) possesses a loop and find the area of 
the loop. [WJC] 
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2 Find the area of one loop of the curve 4y” = x?(4— x?). Also find the 
position of the mean centre of this area. 

3 Sketch the curves y? = 2x, x? = 4y giving the co-ordinates of the points 
of intersection. Find the area they enclose and the volume this area sweeps 
out when revolved through 27 radians about Ox. 

4 The area enclosed by the parabola y” = 4ax, the x-axis, and the ordinate 
x = hisrotated through 27 radians about the x-axis. Show that the volume 
swept out is 2zah?. 

5 PAQ is an arc of the curve y = sinx from x = 27 to x = 3a, A being the 
mid-point of the arc. Show that, if P and Q are the points on the curve 
where x = 22 and x = 3z respectively, the area between the arc and the 
x-axis is divided by the line PA approximately in the ratio 0:12: 1. 

6 Determine the mean value of the function x(4 — x) between x = 0 and 
x=4. 

7 Find the RMS value of I = sin(wt + 7/3), the value of t being taken over 
one period from t = 0 to t = 2z/w. 

8 Sketch the curve y* = (x — 1)?(x + 1). If the curve is rotated about the 
x-axis through an angle 2/2, find the volume enclosed by the surface 
swept out by the loop of the curve. 

9 Find the area of the portion of the plane enclosed by the curve y = 1 +sin x, 
the axis of y, and the axis of x from 0 to 3x. Find also the volume 
of the solid obtained by rotating this area about the axis of x. 

[SUJB] 


- for x 2 0. Find the area enclosed by the 





10 Sketch the graph of y = ree 


curve, the lines x = 0, x = 1 and the line y = 1. Also find the volume 
generated when this area revolves through 27 radians about the line y = 1. 

11 Find the mean centre of the area between the curve y = (x — 1)(4— x) 
and the axis of x. 

12 Find the area enclosed by the two parabolas ay = 2x?, y? = 4ax. Also 
find the position of the mean centre of this area. 

13 Find (i) the area bounded by the axes and the part of the curve y = cos 2x 
between x = 0 and x = 2/4; (ii) the volume described when that area is 
rotated through four right angles about the x-axis; (iii) the centre of 
gravity of that area. [SUJB] 

14 Prove that the area common to the two parabolas y? = 4ax and x? = 4ay 
is 16a?/3. Find the centroid of the common area. Show that if the area 
is rotated, through four right angles about the x-axis, the volume generated 
is 96xa3/S. [JMB] 

15 Sketch the curve whose equation is a?y* = 4x?(a? — x?). Prove that the 
area contained by one loop of the curve is 4a?/3. Find the volume 
swept out when one loop is rotated through two right angles about the 
x-axis. [JMB] 

16 Thecurves y = 7 — x? and xy = 6 intersect at the points A and Bin the first 
quadrant. Find the co-ordinates of A and B. Find the area contained 
between the two curves. This area is rotated through four right angles 
about the y-axis. Prove that the volume swept out is 37/2. [JMB] 

17 ABC is a triangular lamina in which AB = AC and the perpendicular 
distance of A from BC is h. The density of a thin strip of the lamina which 
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is parallel to BC and at a distance x from A is kx, where k is a constant. 
Prove that the centre of gravity of the lamina is at a distance 3h from A. 

18 Prove that the area bounded by the two parabolas 3y = 2x?, y? = 12x 
is 6 square units. Find the co-ordinates of the centroid of this area. 

19 The co-ordinates of a variable point P are given by the equations 
x =4-—t?, y=1 + 3t, where t is a parameter. Find the value of t for 
which the tangent to the locus of P is parallel to the y-axis. Find also 
the x co-ordinate of the centroid of the area bounded by the curve and 
the y-axis. 

20 A curve whose equation has the form y = x(x — 2)(ax +b) touches the 

x-axis at the point where x = 2 and the line y = 2x at the origin. Find 

the values of a and b, sketch the curve and prove that the area enclosed 
by an arc of the curve and a segment of the line y = 2x is 3?. [LU] 

Sketch the graph of y = x? sin 2x (x being measured in radians) from x = 0 

to x = 2, and prove that the ratio of the two areas bounded by the curve 


and the axis of x is Sa Seay (SUJB] 
5x* —4 
22 In a triangle ABC the angle C = 2z/3. Express c? in terms of a and b. 
The triangle is rotated about A in its own plane, through an angle 0( <7z). 
Find, in terms of a, b and 6, the area swept out by (i) AC, (ii) BC. 
[JMB] 
23 Drawaroughsketchofthecurve defined by the equations x = 2(6 — sin 8), 
y = 2(1 —cos6@) as @ increases from 0 to 2x. Evaluate for this curve the 
integrals 


. (2% dx a [2® If (dx\?  (/dy\? 
@ j a i IG +(%) |e 


24 Sketch the curve given by the parametric equations x = 2—t?,y = t>. The 
area enclosed by this curve and the axis of y is rotated about the axis 
through four right angles. Find the volume of the solid so described. 

(SUJB] 

25 The points A(c, a), B(O, b) and C(—c, a), where (b > a > 0), lie on a curve 
of the type y = Px? + Qx + R. Determine the constants P, Q and R and 
hence show that the equation of the curve is c?y + (b — a)x* = bc?. AM 
and CN are ordinates. Find the volume of the solid formed by revolving 
the area bounded by the curve, the x-axis and these ordinates through 
four right angles about the x-axis. [LU] 


: 6x — 10 
26 Given that y 341)’ 
the mean value of y with respect to x in the range x = 4 to x = 6. Find 
the expansion of y in ascending powers of x up to and including the term 
in x?. [AEB] 
27 Find the co-ordinates of the centroid of the finite region R bounded by 
the curve y = e’, the co-ordinates axes and the line x = 1. This region R 
is rotated about the x-axis to form a solid of revolution. Find the co- 
ordinates of the centroid of this solid. (Leave answers in terms of e.) 
[LU] 
28 Given that y = ./(4— x) find, for values of x in the interval O< x <4, 


2 


—_ 


express y in partial fractions. Determine 
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(i) the mean value of y with respect to x, (ii) the mean value of xy with 
respect to x. [JMB] 

29 Using the same axes, sketch the curves which are given by y = e* and 
y = 3 —4x — x”. If t is the positive root of the equation e* = 3 — 4x — x?, 
prove that the area of the finite region in the first quadrant enclosed by 
the curves and the y-axis is given by 4(21t — 3? — 1? — 6). [AEB] 

30 The area enclosed by the ellipse defined by the parametric equations 
x = acos9@, y = bsin@ is rotated about the y-axis through an angle of x. 
Show that the volume swept out is represented by 


n/2 
na’o| cos*6.d@ 
—nf2 


Evaluate the integral. [JMB] 


16 
Differential equations 


16.1 Introduction 


We have seen in Section 13.1 that an equation of the type 


dv 

—=6 16.1 
al (16.1) 
can be solved by integration (integration is the inverse of differentiation) to 
give as its solution 


v=6t+C (16.2) 


This is also known as the general solution of the equation (16.1) because 
it contains the arbitrary constant of integration. 

Such equations which involve differential coefficients are known as dif- 
ferential equations and they occur very often when practical problems are 
expressed in mathematical symbols. The equation (16.1) arose from the 
question: if the acceleration of a particle is constant and equal to 6 cm/sec”, 
what is its speed? We now see the practical importance of the constant of 
integration: two objects may have the same acceleration but different speeds, 
depending on the initial conditions. For example, if we know that initially 
(t = 0) the speed is 11 cm/sec, then substituting in (16.2) 


11=6.0+C 
and we obtain 
C=11 
therefore 
v=6t+11 (16.3) 


This is known as a particular solution of the differential equation (16.1). 
As another example of how differential equations arise, consider one of 
the laws of chemical reaction. 


Example 1 In a certain chemical reaction, the amount x of one substance 
at any time t¢ is related to the speed of the reaction, dx/dt, by the equation 


x = k(a— x)\(b—x) (a, b, k constants) 


Find a relation between x, a, b, k and t. 
304 
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To solve the equation, we rewrite it in the form 
dt 1 
dx  k(a—x)(b—x) 


therefore 
hs 1 dx 
Kk (a — x)\(b— x) 


1 1 1 
Hop-a| lp=a esl" 


= Gaal lowe a— 9) + Hoa. — 21+ C 


1 b—x 
= —— _] ——J+C 
(b — a) me (2=*)+ 
Although we now have a relation between t and x, the three original 


unknown constants and the arbitrary constant of integration are also in- 
volved, and more information is needed before the result is of practical value. 


Example 2. A beaker containing water at 100°C is placed in a room which 
has a constant temperature of 20°C. The rate of cooling at any moment is 
proportional to the difference between the temperature of the room and the 
liquid. If after 5 min the temperature of the water is 60°C, what will it be 
after 10 min? 

The law stated here is the physical reality known as Newton’s law of cooling. 

Let the temperature of the water at any time t min be 06°C. Then the rate 
of change of temperature is d6/dt (see Section 11.1), thus the rate of cooling 
is —d6/dt. Hence 


dé 
therefore 
dé 
sa 7 k(@ — 20) (16.4) 


which is the mathematical expression of Newton’s law. 
By considering the reciprocal of both sides, we have 





dt 1 
“dé k(@—20) 
pad dé 
k | (6 — 20) 


—kt =log, (6 — 20) + C 
—~C — kt =log, (6 — 20) 
eo" = @—20 
e fe * = 8-20 
Ae * = @— 20 where A =e © 
20 + Ae * =0 
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Now initially t = 0 and 6 = 100, therefore 


20+ A= 100 
A = 80 
which gives 
6 = 20+ 80e-* (16.5) 


Also when t = 5, 6 = 60, therefore 
60 = 20 + 80e~ >* 
e 5* — 05 (16.6) 
It is possible to find k exactly from this equation but it is not necessary in 
this example for when t = 10, we have, by substitution in (16.5), 
6 = 20 + 80e" 1% 
= 20 + 80(e7 >*)? 
which from (16.6) gives 
6 = 20 + 80(0:5)? 
86=40°C after 10 min 


Applications to mechanics 


Problems in mechanics often involve acceleration, which may be expressed 
in any of the following three forms: 


.. dv 
(i) a 


yeaa Ce ee 
Gz (since v = — 


ii) dv since 22 = 18.9% _ dv 
yD as dt di ds ds 


Example 3 A particle moves in a straight line with constant acceleration 
a. If at any time t sec its speed is v cm/sec and the distance travelled is s cm 
find expressions for (i) v in terms of a and tf, (ii) s in terms of a and tf, (iii) v 
in terms of a and s. Assume that when t = 0, s = 0 andv=u. 

(i) In this case, since v and ¢ are to be linked, we use dv/dt = a. Therefore 


v=at+C 
But when t = 0, v = u, therefore 

u=0+C 

v=uctat 


(ii) From the preceding result 
S 
a =Sutiut 
hence 
s=ut+hat?+A 
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Now when t = 0, s = 0, hence A = 0 and so 
s=ut+ at? 


(iii) In this case, since v, s and a are to be linked, we use 


dv _ 
v qe = a 
that is 
d(5v’) 
“ds 
hence 


jv? =as+B 
But when s = 0, v = u, therefore 
ju2=0+B 
and so 
$v? = as + 5u? 
v? = u? + 2as 


A differential equation sometimes expresses a physical relation better than 
its general solution. To illustrate this point, and also to show that, given a 
general solution, the differential equation can be formed by differentiation and 
elimination of the arbitrary constants, consider the following example. 


Example 4 Given that a particle moves so that its distance, s, from a fixed 
point at time ¢ is given by s = Asin(3t + €), where A, € are constants, find 
the original differential equation governing the motion of the particle. 

Since there are two constants, we shall find that the original differential 
equation involves second-order differential coefficients. 


s= Asin(3t + e) (16.7) 
gs = 3Acos(3t + €) 
dt 
d?s : 
—~ = —9Asin(3t+e 16.8 
. ( ) (16.8) 
From (16.7) and (16.8) 
d?s 
qos 


that is, the acceleration is — 9s. 

Thus the acceleration is proportional to the distance s from the point and 
(since it is negative) directed towards that point. This kind of motion is 
known as simple harmonic motion. 

In subsequent sections of this chapter, a systematic approach will be made 
to the solution of differential equations generally. It is, however, always worth 
while considering if some of the usual mathematical processes will help. 
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Example 5 Solve the differential equation 


dy\? /1 ye 
dx x dx 7 


and interpret the result geometrically. 
In this case, the equation will factorise giving 


dy dy 1 7 
(Z+x)(Z-4)=0 
Hence either 


(16.9) 


Therefore 
y= —4x?+A or y=log.x+B 


Note that although the two constants are both arbitrary, they may have 
different values. 

To interpret the result geometrically, we note that as A is given different 
values (say 0, +1, +2,...), y= —4x? + A gives rise to a family of parabolas 
all with their vertices on the y-axis and with their axes coincident with the 
y-axis (see Figure 16.1). 

Similarly, as the value of B varies, y=log.x+B gives a family of 
logarithmic curves (see Figure 16.1). 


Ay 





y=log.x +B 





Figure 16.1 


In this example, it is interesting to note that from (16.9) the slopes of the 
two families of curves are — x and 1/x, and that the product of these slopes 
is —1, so that the curves cut at right angles. 

Two such families of curves in which every member of one family cuts every 
member of the other family at right angles are said to be orthogonal 
trajectories. 


Exercises 16a 


1 Solve the following differential equations: 
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() =sinx (ii) rat? +2=0 
(iii) at = 3x (iv) oy = 
dt dt 
2 Form the differential equations whose complete solutions are 
(i) y = Ax (ii) y = Ae?* 


B 
(iii) y = Ax? + . (iv) y = Ae* + Be ?* 


3 Prove that for any straight line through the origin, dy/dx = y/x and 
interpret this result geometrically. 

4 The rate of decay of a radioactive substance at any time is proportional 
to the amount remaining at that time, the constant of proportionality 
being k. If initially the amount of substance is 10 g find an expression for 
the amount remaining after t sec. 

5 A particle moves in a straight line so that its acceleration is always 
towards a fixed point and varies inversely as the square of its distance x 
from that point. Show that its speed v is given by $v? = p/x + C (uand C 
being constants). 

This law is true for the case of the earth attracting a meteorite. If x is 
measured in km and v in km/sec, then p = 0-4 x 10°. Neglecting the effect 
of the earth’s atmosphere and assuming its radius is 6400 km, find with 
what speed a meteorite would reach the earth after moving from a very 
great distance under its attraction. 

6 A particle falls from rest in air. If the resistance of the air is assumed to 
vary as its speed, v, then it can be shown that its acceleration a is given 
by a = 980 — kv (where k is a constant). Show that v = 980(1 — e~")/k 
and hence find the limiting value to which v tends as t increases (known as 
the terminal velocity). 

7 Find the two general solutions of (dy/dx)? + (x + y)dy/dx + xy = 0 and 
illustrate the results geometrically. 

8 The current i flowing in a circuit at any time t is given by 


di . 
L ain +Ri=E (L, R, E constant) 
where L is the self inductance of the circuit, R its resistance and E the 
external electromotive force. Find i in terms of E, R, L and t, and given 
that initially the current is zero, find the value of the current as t becomes 
very large. 

9 Find V if d[r?(dV/dr)]/dr = 0 and V=V, at r=a, V=0 at r=b. 
(V is the potential at a distance r from the common centre of two spherical 
conductors radii a, b at potentials V, and 0 respectively.) 

10 The ordinate and normal through a point P on a curve meet the x-axis 
in N and G respectively, and NG = kNP?, where k is a constant. Find the 
equation of the curve if it passes through the point (1, 1) with gradient 2. 
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16.2 First-order differential equations with variables 
separable 


The order of a differential equation is the order of the highest differential 
coefficient contained in the equation. In this section, we shall consider only 
first-order differential equations, i.e. equations which contain only a first- 
order differential coefficient dy/dx, dy/dt, etc. and no higher derivatives. 
Functions of x and y or x and t will also figure in the equations. First-order 
equations with variables separable are equations which may be put into the 
form 


d 
=~ = f(xa(y) (16.10) 


i.e. dy/dx is equal to an expression which can be resolved into two factors, one 
containing x only, the other y only. Expression (16.10) can be rewritten 


1 dy 
— — = f(x) 
g(y) dx 
Integration with respect to x gives 
1 
—— dy = |f(x)dx (see Section 14.3 
J giv) > J et 


We have separated the variables whence the name of this type of equation. 


Example 1 Find the general solution of the differential equation x*y(dy/dx) 
=x+1. 


dy 

2) ~~ = 

Vay x+1 
dy 1 1 
dx xx 


Therefore 


1; 1 
ou = logex—> + € 


It will be noted that, although there are two separate integrations, only one 
arbitrary constant is necessary, because the sum or difference of two arbitrary 
constants is another arbitrary constant. 


Example 2. During a fermentation process, the rate of decomposition of a 
substance at any time t varies directly as the amount of substance y and also 
as the amount of active ferment x. If the constant of proportionality is 0-5, 
the value of x at any time t¢ is 4/(1 +t)’, and initially y = 10, find y as a 
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function of t. Also deduce the amount of substance remaining as t becomes 
very large. 

The rate of change of the substance is dy/dt, therefore the rate of decomposi- 
tion is —(dy/dt). Hence ; 


_dy 


o 
dt Se 


But the constant of proportionality is given as 0-5, thus 


d 
7 = —05xy 
However 
e 4 
(Lt 
therefore 
dy 4 
ao ee 
Idy _ 2 
yd (1 +t)? — 
1 iat 
(1 a 
dy 2 
y +t 
l = : +C 
Ogey = T+ 
y = eC tity 
— = efe2/( +t) 
which may be written as 
y= Aezi to 


where A = e“ is a convenient form for the arbitrary constant. 
Now initially t = 0 and y = 10, therefore 


10 = Ae? 
10e°7=A 
Thus 
y = 10e72e2/4 +9 


= 10e2/4 +9-2 = 1Qe-2A +8) 


As t> 00, —2t/(1+t)— —2 and so y+ 10e 2 = 1:36. 
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If we now reconsider the examples in Section 16.1, it will be seen that they 
could nearly all be treated by this method. 


Exercises 16b 


1 Solve the differential equations 





d 
(i) 5 = x92) 


12 dy .. dy 
2 2 —axty 
(iii) (1 + x) ay +y*=1 (iv) > ae e 


2 A particle moves in a straight line in a resisting medium so that its accelera- 
tion a is given by a = 10(v? + 9v). If the particle passes through the origin 
with a speed u, find an expression for its distance s from the origin in 
terms of u and v. 


. df dé 
3 Solve the equation fe (2) = 0. 


4 Show that the general solution of the equation (1 + y?) + (1 + x?)(dy/dx) 
= Ocan be written in the form y = (k — x)/(1 + kx), where k is the arbitrary 
constant. Hence find the particular solution for which y = 3 when x = 1. 

§ The normal and the ordinate at any point P on a curve meet the x-axis 
at G and N respectively. The difference between the length of GN and 
the x co-ordinate of P is one unit. Find the general equation of the 
curve. 

6 Show that the equation y = 2x(dy/dx) represents a family of parabolas 
with a common axis and a common tangent at the vertex. 

7 Find a function whose rate of change is proportional to the square of its 
value and whose value is 1 when x = 0 and 3 when x = 1. 

8 In a suspension bridge with a uniform horizontal load, the form of the 
cables is determined by the equation 2y = x(dy/dx), where the lowest point 
is taken as the origin of co-ordinates and the tangent at this point as the 
x-axis. Show that the form of the cables is a parabola with its axis vertical. 

9 Find the curve such that the normals all pass through the origin. 

10 In a reservoir which is discharging over a weir, it is known that 
dt 270 
dH 81—H?’ 
the weir at any time t min. If initially H = 1 m find an expression for H. 


where H m is the height of the surface above the sill of 


16.3 The differential equation d?x/dt? = kx 


The equation d?x/dt? = kx is a very simple example of a second-order 
differential equation but it is of intrinsic importance in kinematics. It arises 
when the acceleration of a particle is proportional to its distance from a 
fixed point, that is 
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acceleration oc distance 


d?x 
d2 
a kx (16.11) 


If the acceleration is directed away from the point, k is positive and can be 
written as n?. Hence 


d?x 
dt? 
If the acceleration is directed towards the point, k is negative and can be 
written as —n?. Hence 
d?x 5 
—~ = —n’x 16.13 
di (16.13) 


The method of solution is to multiply both sides by 2(dx/dt). Thus (16.11) 
becomes 


n?x (16.12) 


dx d?x dx 
ede ae 


which can be written 


(a) a 
2kx — 


2 





Hence 
dx\? dx 
2 
(=) = | aks dx (see Section 14.3) 
2 
(=) =kx? +c 
Therefore 
dx 
beset 2 
a + /(kx? + C) 
This is a separable differential equation and by Section 16.2 
dx 
= + |—__,_ 
t tas (16.14) 


General solutions 
If k is positive and equal to n? (see (16.12)), the integral (16.14) becomes 
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t=+ 
~~ J /(n?x? + C) 
the solution of which is beyond the scope of this volume. However, if we 


return to (16.12), the solution of the differential equation can be obtained 
as follows: 





i ee 
a n*x 
Subtract n(dx/dt) from both sides of the equation to give 
d?x dx gas 
dt? dt dt 


sy & n. => — ors 
di\a *) "Va 


If we now set z = dx/dt — nx, we have 


This is a separable differential equation (see Section 16.2) and we have 
{¢- [-na 


log.z = —nt+A 


therefore 


from which z = Ce ™. Resubstituting for z 


nx = Comm (16.15) 
Reconsider the original equation 
d?x 
qe? 


and this time add n(dx/dt) to both sides of the equation; then 


d?x dx dx 


If we now set z = dx/dt + nx, we have 


dz 
dt 


= nz 
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This is again a separable differential equation and we have 


therefore 


log.z =nt+B 


from which z = De™. Resubstituting for z 

dx ny = De™ (16.16) 
dt 
We now subtract (16.15) from (16.16) to eliminate dx/dt and we have 


2nx = De™ — Ce-™ 


x= Teal - ra 
therefore 

x = Ae™ + Be-™ (16.17) 
where A = D/2n, B = — C/2nareconvenient forms for the arbitrary constants. 


If k is negative and equal to —n? (see (16.14)), then the solution is 


poll dx 
7 FS J(C — n?x?) 


If we let p? = C/n’, the solution to this is 
1 AX 
t= +-—arcsin —+K 
n p 
or 
. Xx 
nt —nK = +arcsin — 
P 
that is 
nt+é= +arcsin = (putting ¢ = —nK) 
P 
Hence x = +|p|sin(nt + 6). 
The ambiguous sign can be absorbed by changing the sign of p, since p 


is arbitrary, or by replacing ¢ by ¢ + 7, since ¢ is arbitrary; hence the solution 
is 


x = psin(nt + €) (16.18) 
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This may be rewritten 
xX = psinntcosé + pcosntsiné 
that is 
x = Asinnt + Bcosnt (16.19) 


where A = pcose, B = psine (see also Sections 6.8 and 16.1, Example 4). 
Note that x is a periodic function, period 2z/n. 
The solutions (16.17), (16.18), (16.19) should be remembered. 


Example 1 Solve the equation d?x/dt? = 4x, given that when t = 0, x = 5 
and dx/dt = 2. 
From (16.17) the solution of d?x/dt? = 4x is 


x = Ae~?* + Be! (i) 
Hence 
& = —2Ae 7 + 2Be?! (ii) 
dt 


We are given that when t = 0, x = 5 and dx/dt = 2. Substituting in (i) and 
(ii), we have 


5=A+B 

2 = —2A+2B 
Hence 

A=2 B=3 
and 


x = 2e7 2! + 3e7# 


Example 2. The speed of a particle is given by v = ,/(16 — 9x?). Find an 
expression for its acceleration in terms of x. Given that x = 0 when t = 0, 
find an expression for x. 


v = (16 — 9x’) 
dv - —9x 
dx /(16 — 9x?) 





iat dv 
acceleration = v — 
dx 


—9x 
_— = 2 
= J(16 9x 116 — 9x) 
= —9x 
therefore 
2 
d’x _ 9 
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From (16.19) 
x = Asin 3t + Bcos 3t 
Initially t = 0, x = 0, therefore 
x = Asin 3t 


Now v = dx/dt = 3A cos 3t and from the given expression when x = O(t = 0), 
v = 4. Therefore 


4=3A 

A=3 
giving 

x = $sin3t 


Example 3 Theacceleration ofa particle is proportional to its distance from 
a fixed point O and is directed towards that point. 


---------- cm ---------- > 
0 A 
-+————_> x 

Figure 16.2 


The particle starts from rest at a point A distance 16 cm from O. If after 
3 sec the particle reaches O, find when it was at a distance of 8 cm from O. 

Measure the distance x from O in the direction OA. Because the accelera- 
tion is directed towards O, we have 


d2x 


! —— ox 
dt? 


~ = —n*x 
From (16.18) the general solution of this is 
x = psin(nt + &) (i) 
Thus the speed v(= dx/dt) is given by 
v = pncos(nt + é) (ii) 


From the initial conditions, when t = 0, x = 16 and v = 0. Substituting in 
(i) and (ii), we have 


16 = psine (ili) 
0 = pncose (iv) 
From (iii) and (iv) 
p=16 and e=34n 
thus 


x = 16sin (nt + 47) 
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Now when t = 3, x = 0, hence 

0 = 16sin(3n + 42) 
that is 

3n+4n=0, +2, +2, 
The only acceptable solution is 
3n+5n=n 

thus n = 7/6, giving as the complete solution 

x = 16sin(&nt + 42) (v) 


To find when the particle was at a distance of 8 cm from O, substitute 
x = 8 in (v), then 


8 = 16sin (int + 42) 

sin (§xt + 42) = 4 

Therefore 
dnt +3n = nn+(—)"kx (see 7.4) 

The value n = 1 gives the smallest value for t for which x = 8, thus 

dnt +4n=n—4n 
that is 

t = 2sec 


Example 4 A particle of mass m is suspended from a light elastic string. 
Its acceleration is given by g — (Ax/ma), where g, 1 and a are constants and 
x is the distance of the particle from a fixed point A. Find an expression 
for x at any time ¢. 


Acceleration = g — ae 
ma 
ax 
dt? 9 na 
This can be written 
d?x A mag ; 
a - A (x-™) “) 
Now let z = x —(mag/A). Then d?z/dt? = d?x/dt? and equation (i) becomes 
dz 7 A 
dt? ma’ 
This is the same as (16.13) with 
Eee 
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Thus its solution is 


of Gee 

z = psin — |tt+e 

ma 
“+ snl (5a) +*] 
=—— + psin — |t+e 
A ma 

Exercises 16c 


1 Find the solution of the equation d?x/dt? = 25x given that when t = 0, 
x = 12 and dx/dt = 10. 

2 Find the solution of the equation d?x/dt? + 4x = 0 given that when t = 0, 
x = 4and dx/dt = 6. 

3 A particle starts from rest and moves towards a fixed point O under the 
influence of a force which is directed towards O, and which varies as the 
distance of the particle from O. Initially, the particle was 10 cm from O 
and its acceleration was 10 cm/sec” towards O. Find (i) its speed when 
8 cm from O, (ii) its speed at O, (iii) its distance from O after 7/3 sec. 

4 A particle moves so that its equation of motion is d?x/dt? = — 16x. 
Initially v = — 16 cm/sec and x = 3 cm. Find (i) its speed when x = 5 cm, 
(ii) its speed when x = 4.cm, (iii) the value of x when its speed is 20 cm/sec. 

5 Solve the equation d?x/dt? = 36x — 72 given that when t = 0, x = 7 and 


dx/dt = 32. 


that is 


Exercises 16 
1 Obtain the general solution of the following differential equations: 


(a) tanx 2 = cot y ) 2+ yaar 


d 
(c) y—x a =xy 


2 Obtain the differential equation for which y = Ax + A? is the general 


solution. 
3 Solve the equation 


dy\? dy 
(2) (<+W aT t+xy=0 


and interpret the results geometrically. 
4 Find the general expression for y given that it satisfies the equation 


dy 
1 2, OV Pn ye 
y( a or 2x(1 — y*) =0 
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5 Solve the differential equation 
dy 
1 2yy 7 — 9 2 
Cera 2 ty) 


given that y = 0 when x = 0. [AEB] 
6 Show that the solutions of the differential equation 


dy)? 2.2 dy 
(2) (x*-—y ar xy =0 
are the two families of curves xy = A and x? — y? = B. Show that these 
two sets of curves are orthogonal trajectories. 
7 Given that y = (arcsin x)?, prove that (1 — x”)(dy/dx)? = 4y. Deduce that 
(1 — x?)(d?y/dx?) — x (dy/dx) = 2. 
8 If y = Atan(x/2), where A is a constant, prove that 


(1 + cos x)(d?y/dx?) = y 


9 Write down the general solution of the differential equation dy/dt = —ky, 
where k is a constant. A radioactive substance disintegrates at a rate 
proportional to its mass. If the mass remaining at time t is m, show that 
m = moe“, where mg is the initial mass and k is a constant. 

One third of the original mass of the substance disintegrates in 70 days. 
Calculate, correct to the nearest day, the time required for the substance 
to be reduced to have half its original mass. If the original mass was 100g, 
calculate correct to the nearest g the mass remaining after 210 days. 

[JMB] 
10 Find the curves such that the portion of the tangent included between 
the co-ordinate axes is bisected at the point of contact. 
11 Prove that if y=e “(Asinpt+Bcospt), where k, p, A and B are 
constants, then 
d? d - 
Gar t 2k + (p? + Py = 0 
12 Find y in terms of x if 


oye: (1 + y)? sin? x cos x 
dx 


and y = 2 when x = 0. [AEB] 


13 Given that = <a use the substitution y = zx to obtain an equation 
expressing dz/dx in terms of z and x. Solve this equation and deduce that 
(3x + y)(3x — y)? = C, where C is an arbitrary constant. [JMB] 

14 A rectangular tank has vertical sides of depth h and a horizontal base 
of unit area. An inlet supplying water at a constant rate fills the tank 
in time T when running alone. An outlet, through which water flows at 
a rate proportional to the square root of the depth of water in.the tank, 
empties the tank in time 47 when running alone. Show that, if x is the 
depth of water at time ¢ when both outlet and inlet are running, then 
dx/dt = p—4q,/x, where p =h/T and q = \/h/2T. Deduce that if both 


16 


17 


18 


19 
20 
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inlet and outlet are running, the initially empty tank will be filled in 
time 47(2 log, 2 — 1). [JMB] 
A particle is moving in a straight line and its distance at time t from a 
fixed point O in the line is x. Its speed is given by 

dx 


OF 


and x = 25 when t = 0. Find an expression for x in terms of t. Find the 
greatest speed in the interval 20 < x < 40 and the value of t when the 
greatest speed is attained. [JMB] 
Show that the substitution y = vx (where v is function of x) reduces the 
equation 


(40 — x)(x — 20) 


to a separable equation for v and hence show that its solution is 
log, (x? + y?) = 2arctan2 + C 
x 


Use the substitution y = vx, where v is a function of x, to reduce the 
differential equation 
y 1,2_ 2 
x -—y=qx7- 
dx ya y 
to a differential equation involving v and x. Hence find y as a function 
of x given that y = 0 when x = 1. 
By using the substitution y = xz, or otherwise, solve the differential 
equation 


d 2 
2at4e [JMB] 
If d?s/dx? + s = 1 and when s = 2, ds/dx = 0, prove that (ds/dx)? = 2s — s?. 


If s = 0 when x = 0, prove also that s = 1 —cosx. 
Show that, by means of the substitution y = t — x?, the equation 


d2 
prtxt+y+2=0 
becomes 
dt 
aa the 


Solve this latter equation and hence obtain the general solution of the 
original equation. 
The rate of cooling of a body is given by the equation 

dT 


ae —k(T — 10) 
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where T is the temperature in degrees Celsius, k is a constant, and t is 
the time in minutes. 
When t = 0, T = 90 and when t = 5, T = 60. Show that T = 414 when 
t= 10. [JMB] 
22 The motion of a particle P, whose co-ordinates are (x, y) referred to a 
pair of fixed axes through a point O, satisfies the equations 
on wx Cys —w? 
dt? dt? 2 


The initial conditions are x = a, y = 0, dx/dt = 0 and dy/dt = bw when 
t = 0. Prove that the path of the particle is the ellipse 


(+) -' 


(The general solutions of d?x/dt? = —w?x, d?y/dx? = —w?y may be 
quoted.) [JMB] 
23 A particle of mass m is projected with speed V vertically upwards from 
a point on horizontal ground. Its subsequent motion is subject to gravity 
and to a resistance kmv?, where v is the speed and k is a constant. If its 
acceleration is equal to —g — kv? show that the greatest height attained is 


1 y? 


24 Solve the differential equation dy/dx = cosx(sec y—tany) given that 
y =0 when x = 42. [AEB] 
25 (a) In the differential equation 


d 
(K+ ya tay txt 


change the dependent variable from y to z, where z = x + y. Deduce 
the general solution of the given equation. 
(b) The normal at the point P(x, y) on a curve meets the x-axis at 


x(1 + y”) 
Q and N is the foot of the ordinate of P. If NQ = ti +x)’ find the 
equation of the curve, given that it passes through the point (3, ). 

; [JMB] 

26 A particle is projected vertically upwards with a speed g/k, where g, k 

are constants. If the subsequent motion is subject to gravity and to a 

resistance to motion per unit mass of k times the speed, then the 
acceleration is given by 





d?x 
rae Aad 


Find expressions for the speed v and the height x reached after time t. 
Also show that the greatest height H the particle can reach is given by 
k?H = g(1 —log, 2). 
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A particle moving along a straight line OX is at a distance x from O 
at time ¢ and its speed is given by 


dx _ 
dt 
If x = 4 when t = 1 prove that x = 8t/(1 +t). Find (i) the speed when 
t = 0; (ii) the maximum distance from 0; (iii) the maximum speed towards 0 


for positive values of t. [JMB] 
The equation of motion of a particle is 


8? (1 —t?)x? 


2 
2c(1 + sin a() = g[2(cos a — cos 8) — (cos 2a — cos 26)] 


If « and 6 are small, show that this equation reduces approximately to 
de\? 
2cl ——) = g(a? -—6? 
{ q ") gla ) 


If initially t = 0 and 6 = a, deduce that 


omasel Jz) 3] 


The displacement of a particle at time ¢ is x, measured from a fixed point 
and dx/dt = a(c? — x”), where a and c are positive constants and x = 0 
when t = 0. Prove that 


7 (e22¢t _ 1) 

x=e (2a + 1) 
If x = 3 when t = 1 and x = 75 when t = 2, prove that c = 5 and find 
the value of a. [JMB] 


A mass is moving horizontally against a resistance which is proportional 
to its speed. If at any time t its speed is v and x is the distance moved, 
its equation of motion is known to be 


P(V? — v*) = 7V'2p? cae 
dx 


P, V being constant. Find an expression for x in terms of v and from this 
expression show that the distance covered by the mass while its speed 
: . 71V3 
increases from $V to 3V is pp log. 3 — 5). 
Given that 

d : 

(1 + sin? x) fa =e sin 2x 

and y = 1 when x = 0, find the value of y when x = 2/2. 
Find the solution of the differential equation 
dy x(1—y’) 


dx  y(1 + x?) 
for which y = 4 when x = 1. [O] 


324 Differential equations 


33 (a) Given that dy/dx = 9y?—4 and that y=1 when x =2, find an 
equation expressing x in terms of y. 
(b) In a certain country the price p of a particular commodity increases 
with the time t at a rate equal to kp, where k is a positive constant. 
Write down a differential equation expressing this information. 
Show that if p = 1 when t = 0 and p = a when t = 1, then at time ¢, 
p=a'. [C] 
34 Solve the differential equation 


(+924 (e+ Dy =0 


(where x > —2), given that y = 2 when x = 0. Show that the maximum 

value of y is e, and sketch the graph of y against x for x > —2. Draw on 

your graph the tangent to the curve at its point of inflexion. Find the 

equation of this tangent. [LU] 
35 By solving the differential equation 


(1 —e')tany 2 = e* 


find an expression for y in terms of x and a constant. [JMB] 


17 
Introduction to co-ordinate geometry 


17.1 Co-ordinates 
Cartesian co-ordinates 


When drawing graphs it is necessary to have two fixed reference lines. These 
are known as the axes, Ox and Oy, and are normally at right angles to each 
other. The axes enable us to locate any point P in a plane by means of its 
perpendicular distances from Oy and Ox. 

Referring to Figure 17.], the lines PL and PM, perpendicular to the axes, 
define the position of P. The lengths PM, PL are known as the cartesian 
co-ordinates of P. The length PM (x) is known as the abscissa and the length 
PL (y) is known as the ordinate. The pair are written in order as (x, y). We 
note that if P is the point (x, y) then it is also true that OL = x, and OM = y. 





Figure 17.] 


The usual sign convention is used. For points to the right of Oy the 
abscissa is positive, and for points to the left of Oy the abscissa is negative. 
For points above Ox the ordinate is positive, and for points below Ox the 
ordinate is negative. Thus the points A(4, 3), B(—2, 5), C(—4, —3), D(1, —3) 
are as shown in Figure 17.2. 


Polar co-ordinates 


The position of a point P in a plane can be described by other methods. 
Consider a fixed line Ox, O, the origin, being a fixed point on it. Referring 
to Figure 17.3, we see that the position of P is known if the angle POx and 
the distance OP are given. The angle POx (6 in Figure 17.3) is called the 
vectorial angle and is considered positive when measured in an anticlockwise 
direction. The distance OP (r in Figure 17.3) is called the radius vector and 
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B(-2,5) p— 5 





D(+173) 
“5 


Figure 17.2 


is considered positive when measured from O along the line bounding the 
vectorial angle and negative in the opposite direction. Then (r, 6) are known 
as the polar co-ordinates of P. In Figure 17.3, if OP is produced backwards 
to P’ so that OP = OP’, then P’ is the point (r, 6 + 2). Note that its polar 
co-ordinates could be given as (—r, 6), (r, 9+ 32) or in many other forms. 
To avoid confusion, it is usual to take r as positive and the angle 0 between 
—nx and +7, thus P’ is the point [r, —(x — 6)]. 





PL an -(27-0) 


Figure 17.3 


Example 1 Show on a diagram the position of the points A(4, 7/6), 
B(3, — 52/4), C(—5, z/9), D(—2, 22/3) and where necessary give alternative 
polar co-ordinates for each point with r positive and 6 between —z and 2. 

Figure 17.4 shows the points A, B, C, D. From the figure it can be seen 
that, if r is to be positive and 0 is to lie between — x and z, A(4, 7/6) is unalt- 
ered but B(3, —52/4) becomes (3, 32/4), C(—5, 2/9) becomes (5, —8z/9), 
D(—2, 22/3) becomes (2, — 7/3). 


The transformation from polar co-ordinates to cartesian co-ordinates or 
vice versa 


Consider Figure 17.5, where the point P has cartesian co-ordinates (x, y) and 
polar co-ordinates (r, 0). Then 
x = ON = OP cos @ = rcos@ (17.1) 
y = PN = OPsin6 = rsin@ (17.2) 


Example 2. Find the cartesian co-ordinates of the points P(3, 2/6) and 
Q(5, 32/4). 

P is the point [3 cos (z/6), 3 sin (2/6) ], i.e. (2598, 1:5). 

Q is the point [Scos (37/4), 5 sin (37/4)], ie. (—3-536, — 3-536). 
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C (-5, 2) D(-2, #2) 
(b) 





Figure 17.4 





Figure 17.5 


From (17.1) and (17.2), we have by squaring and adding (or direct from 
Figure 17.5) 


r? =x? 4 y? (17.3) 


and by division 
tang => (17.4) 
x 


Example 3 Find the polar co-ordinates of the points A(—4, 4), B(— 3, —3). 
For A, 


r? =(—4)?+(4)? and 0= arctan( *) 

and for B, 
—3 
P? =(—3)?+(-3) and 6 =arctan| —3 


It is best to draw a figure to find which value of 0 is required and from 





Figure 17.6 
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Figure 17.6 it can be seen that: A is the point (4,/2, 3n/4) and B is 
(3/2, —37/4). 


Exercises 17a 


1 Indicate on a diagram the positions of the points whose cartesian 
co-ordinates are: A(3, 4), B(—5, 2), C(0, 6), D(6, 0), E(—1, —2), F(6, —5), 
G(—3, 0), H(O, —3). 

2 Indicate on a diagram the positions of the points whose polar co- 
ordinates are A(3, 2/4), B(4, 27/3), C(5, —x/4), D(3, x), E(5, —x/2), 
F(4, —5x/6), G(2, 0). 

3 By means of a diagram, rewrite the polar co-ordinates of the points 
A(—2, 32/4), B(5, 1772/9), C(3, 4x), D(—2, —5x/4), E(—6, 107/9), 
F(—4, —5z/4), G(—6, —132/6) with the radii vectors all positive and the 
vectorial angles between — 7x and z. 

4 Whatare the cartesian co-ordinates of the points whose polar co-ordinates 
are (3, /2), (4, — 1/3), (5, m), (2, — 52/6), (3, — 1/2). 

5 Find the polar co-ordinates of the points whose cartesian co-ordinates 
are (2, 2); (=3, —4), (0, 5), (= 12, 5), (3, 0), (6, ot 3). 

6 Find which of the following points coincide: A(3, 3), B(—6, 2/3), 

C(3./2, 5n/4), D(3, —3), E(—3, — 5-196), F(3,/2, —77/4), G(3./2, —57/4), 

H(—3, —3), J(—3./2, 37/4). 

The six points A, B, C, D, E, F are equally spaced on the circumference 

of a circle radius 2, centre the origin. If A is the point (/2, J2) write 

down the polar co-ordinates of the six points. 

8 On which line does the point P lie if its cartesian co-ordinates are (A, B) 
and its polar co-ordinates are (A, B)? 

9 A point P is such that its x and y co-ordinates are equal both in 
magnitude and sign. Plot on a diagram several possible positions of P 
and deduce on which line P must lie. If P is such that its x and y co- 
ordinates are equal in magnitude but opposite in sign on which line must 
P lie? 

10 ABCD is a square, AC is a diagonal. If the co-ordinates of A, C are 

(—5, 8), (7, —4) find the co-ordinates of B and D. 


~ 


17.2 The distance between two given points in terms of their 
cartesian co-ordinates 


Let P(x,, y,) and Q(x, y2) be the two given points. Draw PA, QB parallel 
to Oy, and QL parallel to Ox. The angle PLQ (see Figure 17.7) is a right 
angle. Then 


QL = BA = OA — OB = x, — x2 
PL = PA—AL = PA — QB= 1 —J2 
and since PLQ is a right angle 


PQ = /(PL? + LQ?) 
PQ = JE(x1 — x2)? + (V1 — ¥2)7) (17.5) 
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Figure 17.7 


In the above case, we have assumed that all the co-ordinates are positive 
but, if due regard is paid to the usual sign convention, the formula is true 
in all cases. 


Example 1 Show that the points A(5, —6), B(—3, 0), C(—1, 2) form an 
isosceles triangle. 
Substituting in the formula (17.5), we have 


BC = /{{((- = —1)y? + ns 2]*7} = /8 = ae 

AB = ,/{(5 —(—3)]? + [(—6) —0]*} = J100 = 

AC = beet + ees = /100 = 
Since AB = AC, the triangle ABC is isosceles. 


Exercises 17b 


1 Show that the points A(6, 2), G(3, 6), C(—1, 3) and D(2, — 1) are vertices 
of a square. 

2 If P is the point (3, 4) and the reflections of P in Ox and Oy are A and B 
respectively, find the distance AB. 

3 Show that the points A(3, %), BZ, 2), CG, —2), D(—2, 3) are the 
vertices of a parallelogram. 

4 Find the lengths of the sides of the triangle ABC where A, B, C are the 
points (0, 4), (4, 10) and (7, 8) respectively. Hence show that (a) ABC is 
right angled. [Hint: use Pythagoras.] (b) AB = 2BC. 

5 The points A(x, 1) and B(—6, —5) are equidistant from the point 
C(3, —2). Find two possible values for x. 

6 Find the distances between the following pairs of points: 

(i) (a, b), (—a, —b), (ii) (2a, 2b), (0, 0), (iii) (3a, 3b), (a, b), (iv) (a a b, a— b), 
(b—a,a+t b). 

7 Show that the points A(5, 4), B(8, 1), C(6, 3) lie on a straight line. 
(Hint: show that AC + CB = AB.] 

8 The points P(x, y), A(4, 3) and B(—1, —3) are such that PA = PB. By 
equating the expressions for PA? and PB?, show that 10x + 12y — 15 = 0. 

9 Show, from first principles, that the distance between the two points whose 
polar co-ordinates are (r,, 0,) and (r,, 82) is given by the expression 
Jini? +12? — 2ryr, cos (8, — 62)1. 

10 Find the co-ordinates of the point P which is equidistant from the three 
points A(1, —1), B(9, 7), C(1, 7). 
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17.3 The co-ordinates of the points which divide the 
line joining two given points internally and externally in a 
given ratio 


Internal division In Figure 17.8, R divides PQ internally in the ratio k:1. 
External division In Figure 17.9, R divides PQ externally in the ratio k:1. 


In both cases let P, Q and R be the points (x,, y;), (x2, X2) and (X, Y) 
respectively. Then 


AC:CB = PM:MN = PR:RQ = k:! 


hence 
AC k 
cB OT 
IAC —kCB =0 
Internal division External division 
AC=X-x, CB =x,-—X AC=X-x, CB = X — x, 
hence hence 


K(X —x,)—kKx, —-X) =0 
whence 


IX — x,)—k(X —x,) =0 
whence 


_ xy tkx, _ Ix, —kx, 
X= ear (17.6) Xx aa as (17.8) 
similarly similarly 
ly, +ky2 ly, —ky2 
=e 7.7 = —__* . 
Y Fok (17.7) Y Tok (17.9) 





Figure 17.8 


Qlx2y2) bi (XY) 





Figure 17.9 
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It is useful to remember that the formulae for external division are obtain- 
able from those for internal division by changing the sign of either / or k. 


Example I The points A and B divide the line joining P(3, 2) and Q(7, 9) 
internally and externally in the ratio 5:4. Find the co-ordinates of A and B. 
A is the internal divisor, therefore using (17.6) and (17.7) 


—4x345x7_ 47 





445 9 
_—4x2+5x9 53 : (47 53 
sa ara uae A is the point (47, 33) 


B is the external divisor, therefore using (17.8) and (17.9) 


4x3-S5x7 
3 ee 3 
4x2-5x9 
y= = 7 B is the point (23, 37) 


Example 2. A, B, C are respectively the three points (—5, 2), (3, 4), (7, 5). 
Find (i) the ratio in which B divides AC and (ii) the ratio in which C divides 
AB. 

(i) Let k:1 be the required ratio. Then using (17.6) and (17.7) and noting 
that (x,, y,) and (x3, y.) are the points (—5, 2) and (7, 5) respectively, we 
have 





7k + (—S)l 5k + 21 
ee Ra =4 
Rah ey 
From the first of these two equations 
7k — 51 = 3k + 31 
4k = 81 
hence 
se 
14 


As a check, substitute k = 2, | = 1 in the second equation 


Sx2+2x1_ 12_ 


= sag 


(ii) Again let k:1 be the required ratio and again use (17.6) and (17.7) but 
this time (x,, y,) and (x2, y2) are the points (— 5, 2) and (3, 4) respectively, 
hence 

3k+(—5)l _ 4k+21 _ 


k+l k+l 
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From the first of these two equations 


3k — 51 =7k+71 
—4k = 12] 
k 3 
Tt 
As a check, substitute A = — 3, / = 1 in the second equation 
4(—-3)+2x1 —10 
aimee 7 a a 


Note that in part (ii) the formulae for the internal divisors were used but 
gave a negative value for the ratio, indicating that C is an external divisor 
of AB. 


Exercises 17c 


1 A and B are the points (3, 5) and (—5, —7) respectively. Find the co- 
ordinates of the points which divide AB internally and externally in the 
ratio 3:1. 

2 Find the co-ordinates of the mid-point of the line joining the points 
A(5, 6), B(11, 2). 

3 P and Q are the points dividing the line joining A(—3, —4), B(5, 12) 
internally and externally in the ratio 5:3. Find the co-ordinates of 
P and Q. 

4 A,B, Care the points (5, — 3), (—4, 9), (14, — 15) respectively. Given that 
ABC is a straight line, find the ratios in which (a) B divides AC, (b) A 
divides BC and (c) C divides AB. 

§ The line joining the points A(3, 4) and B(7, 6) meets the line joining 
C(1, 3) and D(11, 8) at the point P. Given P is the mid-point of AB, find 
its co-ordinates and hence find the ratio CP: PD. 

6 The three points A(5, 6), B(—3, 2), C(—8, —5) form a triangle. Find the 
co-ordinates of the A’, the mid-point of BC. If G is a point on AA’ such 
that AG:GA’ = 2:1, find the co-ordinates of G. 

7 The line joining A(a, b) and B(p, q) is divided into six equal parts by the 
points P,, P,, P3, P4, P;. Find the co-ordinates of P, and Ps. 

8 The two points A(4, 3) and B(8, —6) together with the origin O form 
a triangle OAB. Find the co-ordinates of the point P in which the external 
bisector of AOB meets AB. [Hint: find the lengths OA and OB; then the 
external bisector of an angle of a triangle divides the opposite side 
externally in the ratio of the sides containing the angle.] Deduce that the 
internal bisector of the angle AOB is the x-axis. 

9 If A(x,, 1), B(x2, 2), C(x3, y3) are the vertices of the triangle ABC write 
down the co-ordinates of A’ the mid-point of BC. Hence find the co- 
ordinates (x, y) of G the point which divides AA’ internally in the ratio 
2:1 (G is known as the centroid). 

10 Find in what ratio the point (4b — 2a, 9c — a) divides the line joining the 
points (a + b, 3c + Sa) and (5b — 3a, 11c — 3a). 
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17.4 The area of a triangle in terms of the co-ordinates 
of its vertices 


Let the triangle be ABC, where A, B and C are the points (x;, y;), (x25 Y2) 
(x3, y3) respectively 





Figure 17.10 


Draw AP, BQ, CR, perpendicular to Ox (see Figure 17.10). Then 


area A ABC = area of trapezium APRC — area of trapezium APQB 
—area of trapezium BQRC 
= AP + CR).PR — (AP + BQ).PQ 
— (BQ + CR).QR 
= HV, + Y3)(X3 — X1) — V1 + Y2)(X2 — 1) 
—HV2 + Y3)(X3 — x2) 
which when simplified gives 
area A ABC = {x12 — X2¥1 + X23 — X32 +X3V1 —X1 3) — (17.10) 
The numerical value for the area is independent of the order in which the 


vertices are taken. However, if the order is such that, on going round the 
triangle, the area is always on the left-hand side the area will be positive. 


Condition for three points to be collinear 


If the three points A(x, y,), B(x2, y2) and C(x3, y3) are collinear, then the 
area of the triangle ABC is zero. Hence from (17.10), the condition for the 
three points to be collinear is 
X1 V2 — X2V1 + X2Y3 — X3V2 + X3V1 — X13 =O (17.11) 
Example 1 Given the four points A(3, 4), B(9, 7), C(7, 6) and D(5, —3), show 
that A, B and C are collinear and find the area of the triangle ABD. 
Consider the area of ABC by substituting the co-ordinates of A, B, C in 
(17.10): 
area AABC = 13 x 7-—4x9+9x6—7x7+7x4—6x 3) 
= (21 — 36 + 54 — 49 + 28 — 18) =0 
Hence A, B C are collinear. 
The area of A ABD, using the co-ordinates of A, B, D in (17.10), is given by 
area AABD = 413 x 7—4x9+9 x(-3)—-7x 545 x 4-(—3) x 3] 
= 421 — 36 — 27 — 35 + 204+ 9) 
= 24 square units (ignoring the negative sign) 
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Exercises 17d 


1 Find the area of the triangle ABC where A, B and C are the points 
(5, 6), (3, 2), (8, =. 1). 

2 Show that the points A(1, 5), B(—3, 9) and C(—2, 8) are collinear. 

3 Find the areas of the triangles whose vertices are 

(i) (3, 4), (5, 6), (—2, 0) 
(iv) (4, 7), (0, 2), (=3, 0) 

4 A, B, C are the points (0, 4), (4, 10), (7, 8) respectively. Using Pythagoras’ 
theorem, prove that angle ABC is a right angle. Find the area of the 
triangle ABC by means of the formula (17.10) and verify your result by 
using the formula for the area AB. BC. 

§ Show that the four points A(—7, 5), B(1, 1), C(5, — 1), D(13, —5) all lie 
on a straight line. 

6 If the points A(5, 6), P(x, y) and B(2, 3) are collinear, show that 
x—y+1=0. 

7 The points A(3, 4), B(5, 3), C(— 1, — 1) and D(—3, 0) form a quadrilateral. 
Show that the mid-point P of AC lies on the line BD. Show also that 
the area of the triangle PAB is equal to the area of the triangle PCD. 

8 Find the area of the quadrilateral ABCD, where A, B, C and D are the 
points (1, 1), (5, 4), (4, —1) and (—3, — 12) respectively. 

9 The four points A(0, 0), B(5, 1), C(—4, 4) and D(—1, —5) form a 
quadrilateral. Find the areas of the triangles ABC and ACD and hence 
find the area of the quadrilateral by adding the two results. Draw a figure 
and explain why the sum of the areas of triangles ABD and CBD do not 
equal the area of the quadrilateral. 


10 Show that the condition 2! —¥2. = 723 jg equivalent to the condition 


oe ae an 
(17.11) for the three points (x;, y1), (x2, 2), (x3, y3) to be collinear. 


17.5 Loci 


If a curve can be defined by a geometrical property common to all points 
on it, then there will be an algebraic relation which is satisfied by the co- 
ordinates of all points on the curve. Such an algebraic relation is called the 
equation of the curve. Conversely, all points whose co-ordinates satisfy a given 
algebraic relation are on a curve known as the locus of the given equation. 


Example 1 A given circle has its centre C at the point (3, 4) and its radius 
is 5 units. Find its equation. 

In order to find the equation of the circle, we have to find the algebraic 
relation satisfied by all points on the curve. 

Let P(x, y) be any point on the curve, then PC is a radius of the circle. 
Hence 


PC =5 
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thus 
VU — 3)? +(y—4)7] = 5 
or 
(x — 3)? +(y— 4)? = 25 
which is the required equation. 


Example 2. A point C moves so that its distances from two fixed points 
A(5, 3) and B(7, 4) are always equal. Find the equation of the locus of C. 
Let C be the point (x, y), then CA = CB, therefore 


CA? = CB? 
that is 
(x — 5)? +(y — 3)? = (x —7)? + (y — 4)? (see (17.5)) 
x? — 10x + 25+ y?—6y +9 =x?— 14x + 494 y? — 8y + 16 
thus 4x + 2y = 31, which is the required equation. 


Example 3 A circle of radius 6 units passes through O, the origin of co- 
ordinates, and has the y-axis as a diameter. Find its polar equation. 





P(r,@) 





Figure 17.11 


Since the polar equation is required, let any point P on the circle have 
polar co-ordinates (r, 0) (see Figure 17.11). Since OA is a diameter, angle 
OPA is a right angle, hence 

OP/OA = cos POA 
OP = OAcos POA 
= 12 cos (90° — 8) 
r= 12sin0 


which is the required equation. 
The equation of the curve need not be a direct relation between the co- 
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Figure 17.12 


ordinates (r, 6) or (x, y) of any point on the curve. The co-ordinates can be 
obtained in terms of a third variable known as a parameter. 


Example 4 A circle has its centre C at the point (10, 8) and its radius is 
7 units. Find its equation. 
Referring to Figure 17.12, CLD is parallel to Ox. P(x, y) is any point on 
the circle and PCD = @. As 6 varies, P describes the circle. 
y= PB=PL+LB=PL+CA 
= PCsin# +8 
= 7sin0+8 
x = OB = OA + AB=OA+CL 
= 10 + PCcos 0 
= 10+ 7cosé 


Hence 
x =7cos@+ 10 y=7sin0+8 (i) 


are the parametric equations of the circle and for any value of 0, the equations 
(i) give the x and y co-ordinates of a point on the circle. 

The x, y equation can be obtained by eliminating the parameter 6. 
From (i) . 


x—10=7cos0 y—8=7sin0 
Squaring and adding gives 
(x — 10)? +(y — 8)? = 49 (cos?@ + sin? 6 = 1) 


which is of the same form as the circle in Example 1. 


Exercises 17e 


1 Find the equation of the circle centre (3, —4) radius 7. 

2 A point P moves so that PA = 2PB, where A, B are the fixed points 
(—2, 1), (5, 6) respectively. Find the locus of P. 

3 A(3, 2) and B(6, 4) are two fixed points and the point C moves so that 
the angle ACB is always a right angle. Using Pythagoras’ theorem find 
the locus of C. 
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4 A circle of radius 4 units passes through O the origin and has the y-axis 
as a diameter. Find its polar equation. 

5 Find the equation of the circle on AB as diameter, where A and B are 
the points (— 3, —4) and (7, 20). 

6 Find the equations of the curves whose parametric equations are 
(i) x = ct, y =c/t, (li) x = acos8, y = bsin#. 

7 Apoint P moves so that its perpendicular distance from the y-axis is always 
equal to its distance from the point (2, 3). Find the equation of the 
locus of P. 

8 A point P moves so that its distance from the axis of x is half its distance 
from the origin. Find the locus of P. 

9 A point P moves along a line parallel to the axis of x at a distance 
6 units from it. Find the polar equation of the locus of P. 

10 A(O, 2) and B(O, —2) are two fixed points. The point P moves so that 
PA + PB = 8. Find the equation of the locus of P. [Hint: use the result 
(17.5) but before simplifying, rewrite the given condition in the form 
PA = 8 — PB.] 


17.6 The points of intersection of two loci 


In order to find the points of intersection of two loci, we note that, where 
they intersect, there is a point common to both curves. The co-ordinates of 
this point will satisfy the equations of both curves simultaneously. Thus if 
the equations are solved simultaneously, the solutions will be the co-ordinates 
of the common points. 


Example 1 Find the point of intersection of the two loci 3x — y — 5 = O and 
12x+ y—25 =0. 


3x-—y—5=0 
12x + y—25 =0 


Adding these equations eliminates y and gives 
15x — 30 =0 


Thus x = 2, and by substituting in the first equation y = 1. The required 
point is (2, 1). 


Example 2 Find the points of intersection of the circle 
(x — 3)? + (y — 4)? = 25 


(see Section 17.5, Example 1) and the locus y + x — 12 = 0. 
The equation of the circle simplifies to 


x? + y?— 6x —8y =0 (i) 
and from the second equation 


y=12-x (ii) 
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Substituting (ii) in (i) 
x? + (12 — x)? — 6x — 8(12 — x) =0 
2x? — 22x +48 =0 
2(x — 3)(x — 8) =0 
x=3 or 8 
and substituting in (ii) the two points are (3, 9) and (8, 4). 


Example 3 Find the points of intersection of the two circles r = 12 cos 6 and 
r=6. 


A(6,5) 





B(6,- 5) 
Figure 17.13 


Since r = 12cos@ and r= 6, at the points of intersection 6 = 12cos6, 
thus cos @ = 4. Therefore 


6=n/3 or —72/3 
Hence the required points are A(6, 7/3) and B(6, — 7/3) (see Figure 17.13). 


Exercises 17f 


1 Find the points of intersection of the two loci 3x +2y—1=0, 
2x —3y +21 =0. 

2 Find the points of intersection of the circle (x — 5)? + (y — 6)? = 49 and 
the locus y+ x — 18 = 0. 

3 Find the points of intersection of the two circles x? + (y + 1)? = 2 and 
(x + 1)? +(y + 2)? =4. 

4 Find the points of intersection of the circle r= 10 and the locus 
rcos @ = 5,/3. 

5 Show that the three loci x + y+ 1 =0, 3x + 2y+6=0, 2x + S5y—7=0 
have a common point. 

6 Find the point or points common to the two loci whose equations are 
x? + y? + 6x + 8y = 0 and 4x + 3y—1=0. 

7 Show that the two circles (x — 3)? + (y — 4)? = 25 and (x — 1)? + (y — 3)? 
= 564 touch each other. 

8 Find the points common to the two loci whose equations are r = 6cos 9, 
r = 6,/3sin 0. 

9 Find the points common to the two loci whose equations are y” — 6y — 
4x+1=0,2y—x-11=0. 

10 Find the point of intersection of the loci x — y = 3, x + 3y = 7. Show that 

the locus whose equation is x? — xy — 3x = 0 passes through this point. 


Change of origin 339 


17.7 Change of origin 


Let Ox, Oy be the original axes, O’ the new origin and (h, k) the co- 
ordinates of O’ referred to the original axes. 











yh y’ 
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Figure 17.14 


Through O’ draw O’x’ and O’y’ parallel to and in the same sense as 
Ox and Oy respectively (see Figure 17.14). 

Suppose P is any point whose co-ordinates referred to the original axes 
are (x, y). We require to find its co-ordinates, say (X, Y), referred to the new 
axes. 

Draw PM parallel to Oy, cutting Ox in M and O’x’ in N. Then 

x =OM =OK+KM (see Figure 17.14) 
= OK + O'N 
=h+x 


and 


y =MP=MN+NP 
= KO'+NP 
=k+Y 


The old co-ordinates are given in terms of the new co-ordinates by the 
two equations. 
x=h+x y=k+Y (17.12) 


If we use the equations (17.12) to substitute for x and y in a given equation, 
the equation of the curve referred to the new axes will be obtained. 


Example 1] Find the equation of the straight line 3x + 2y + 1 = 0 referred 
to axes through the point (1, —2). 
In this case, h = 1, k = —2. Therefore from (17.12) 
x=14+X y=-2+Y 
Substituting in the given equation, we have 


3x +2y+1=0 
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which becomes 


3(1+ X)+2(-2+ Y+1=0 
3X +2Y=0 


which is a straight line through the new origin. 


Exercises 17g 


Change the origin of co-ordinates in each of the following cases: 





Original equation New origin 
1 3x—2y+4=0 (3, 2) 
2 5x+y—-—7=0 (—2, —S) 
3 2y—5Sx-—3=0 (i, —1) 
4x+5Sy—2=0 (—3, 1) 
§ 2x -—3y=0 (5, 2) 
6 y? = 4a(x — 1) (1,0) 
(x—1)?  (y—3) 
7 rm + 16 1 (1, 3) 


8 (x — 3)? +(y — 3)? = 25 (3, 3) 
(x41? (y-2) _ 
4 16 
10 x? + y? —8x + 6y =0 (4, —3) 








17.8 Loci:polar co-ordinates 


We have seen in Section 17.1 that we can describe the position of a point 
P by its cartesian co-ordinates (x, y) or its polar co-ordinates (r, 6). The two 
sets are related: 


x =rcosé y=rsind 
r=J(x?+y?)  tan0 = y/x. 


The cartesian equation of a curve expresses the relationship between the 
cartesian co-ordinates of the points which lie on the curve. Its polar equation 
expresses the relationship which must exist between the polar co-ordinates 
of the points on the curve. 

If the equation of a locus is known in cartesian co-ordinates, it may be 
found in polar form and vice versa. 


Example 1 Find the polar equation of the line y = mx. 
y = mx is a line through the origin with gradient m (see Section 18.2). If 
y = mx, then y/x = m, that is tan 0 = m. Therefore 


6 = arctan m = a constant 


The line with polar equation 0 = ais a line through the origin with gradient 
tana. 


Example 2 Find the cartesian equation of the line r = psec(6@ — «) and give 
a geometrical interpretation of p and «. 
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r = psec(@ — a) 
therefore 
p =rcos(@—a) 
=rcos@cosa+rsin Osina 
Therefore, in cartesian form, the line has the equation 
xcosa+ysina = p 


Thus p is the length of the perpendicular from the origin to the line, and 
a is the angle that this perpendicular makes with the x-axis. See Figure 18.5 
and equation (18.8). 


Example 3. Find the polar equation of the circle x? + y? = a’. 

x? + y? = qa? is the equation of a circle with centre the origin and radius 
a (see Section 19.1). 

Its polar equation is r? = a?, ie. r = a represents a circle of radius a and 
centre the origin. 


Example 4 Find the polar equation of the circle centre (a, 0) and radius a. 
Its cartesian equation is (x — a)? + y? = a? (see Section 19.1), that is 


x? + y? — 2ax =0 
Its polar equation is 


r? cos? § + r? sin? 9 — 2arcos 0 = 0 
r? — 2arcos@ = 0 
r = 2acos0 





Figure 17.15 


We could obtain this from first principles. In Figure 17.15, OA is a diameter 
of the circle and P(r, 6) is any point on it. 


Thus, since 2 OPA = 90°, OP/OA = cos @. Therefore 
r 


Iq = 0089 
x 


=2acos@ as before 
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Example 5 Sketch the curve r = a0 (a> 0). 
As @ increases, r increases. The curve winds round and round the origin. 
It is called an Archimedean spiral. It is sketched in Figure 17.16. 








Figure 17.16 


Example 6 Sketch the curve r = a(1 +cos6). 

Since cos(— 9) = cos 9, the curve is symmetrical about the line 0 = 0. r is 
defined for all values of @. It cannot exceed 2a. We can easily obtain the 
following table of values 


) 0 7/6 n/3 n/2 22/3 5n/6 n 
cos 9 1 0:87 0-5 0 —0°5 —0:87 -1 
r 2a 1:87a 1-Sa a 0-5a 0-13a 0 


The curve is sketched in Figure 17.17. It is called a cardioid. 


Figure 17.17 


Exercises 17h 

Find the polar equations of the following curves: 
1 x?+y?=9 2 x?4+(y—3) =9 3 x?+xy=1 
4 xy=0? 5 (x? — y?? = c?(x? + y’) 
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Find the cartesian equations of the following curves: 


6 0=n/4 7 tand = /3 8 r=3 

9 rsind =5 10 r(1+ cos 6) = 3 11 r*?cos26 = a? 
Sketch the curves 

12 r=2 13 6 = 2/6 14 r = 4secd 
15 r=2+cos0 16 r sind =rcosé 17 r=e%(0>0) 


Find the points of intersection of the following curves: 
18 rcosé = 1, 0 = 2/4 19 r=4, 0=2/3 
20 r = 2a(1 +cos@), 2rcos8+a=0 


Exercises 17 


1 Find the cartesian co-ordinates of the points whose polar co-ordinates 
are (6, — 1/2), (2; 3n/4), (2, 7/6), (8, 7/2), (2, — 3n/4), (5, T). 

2 Find the polar co-ordinates of the points whose cartesian co-ordinates 
are (5, —5), (—./3, —1), (—3, 3), (1, /3), (0, 2), (3, 0). Draw a diagram of 
the points. 

3 Given the cartesian co-ordinates of A, B, C, D are (4, 4), (— 4, — 4), (—5, 5), 
(3,1) and the polar co-ordinates of E, F, G, H, J are (2,7/6), 
(—4,/2, 57/4), (4,/2, —5n/4), (—5./2, —1/4), (4,/2, 1172/4), find which 
points coincide. 

4 Find the lengths of the sides of the quadrilateral whose vertices are the 
points A(S5, 3), B(6, 7), C(8, 1), D(5, — 3). Also find its area. 

5 Show that the four points A(6,7), B(7, 10), C(O, — 3), D(—1, — 6) form a 
parallelogram. 

6 Show that the three points A(7, 4), B(10, 2), C(6, — 4) form a right-angled 
triangle. Find the co-ordinates of a point D such that ABCD is a rectangle. 

7 Rewrite the following polar co-ordinates with the radii vectors all positive 
and the vectorial angles between —7x and z: A(—S,2), B(—3, —3z/2), 
C(=5, 5n), D(3, 6z), E(=5, 3n), E(= 1,37), G(3, 47). 

8 Find the points P and Q which divide the line joining A(3, 2) and B(10, 16) 
internally and externally in the ratio 3:4. 

9 Show that the four points A(3, 4), B(9, 13), C(11, 16) and D(15, 22) all lie 
on aline. Find the ratios in which B and D divide the line joining A and C. 

10 Find the equation of the locus of a point which moves so that its distance 
from the x-axis is twice its distance from the point (2, —3). 

11 The points A(3,4), B(2a,5), C(6,a) form a triangle whose area is 194 
square units. Find the two possible values of a. 

12 Find the co-ordinates of the point which is equidistant from the three 
points A(3, 4), B(13, 6), C(3, 4). 

13 The polar co-ordinates of the vertices of a triangle are given by the 
following table. 


6 7/6 —n/3 2n/3 
r 12 16 9 


Find the lengths of the sides of the triangle and its area. 

14 Show that the following points A (5,6), B(— 1,8), C(—5, —2) are collinear 
and find the ratios (i) AB: BC, (ii) AC:CB, (iii) BA: AC. 

15 Find the co-ordinates of the centroid and of the circumcentre of the 
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triangle ABC, where A, B, C are the points (— 2, — 3), (8,11) and (—4,9) 
respectively. 

16 Find the area of the quadrilateral whose vertices are the points A(5, 4), 
B(8, 5), C(6, — 2), D(— 3, —1) respectively. 

17 Find the equation of the locus of a point which moves so that the sum of the 
squares of its distances from the points (3, 0) and (— 3, 0) is equal to 72 units. 

18 Find the distance from the origin to the point on the x-axis which is 
equidistant from the points P(—2, 2) and Q(4, 4). [LU] 

19 The straight lines 3x + by + 1 = 0 and ax + 6y + 1 = 0 intersect at the 
point (5, 4). Find the values of a and b. If the first line meets the x-axis at 
A and the second meets the y-axis at B, find the length AB. 

20 O is the origin of co-ordinates and B is the point (0,6). Find the polar 
equation of the circle on OB as diameter. 

21 The line 3y = ax + 9 touches the curve y? = 4x. Find the value of a. 

22 Show that the co-ordinates of the point common to the curve y? = 4ax 
and the line ty — x = at? are (at, 2at). 

23 s and s’ are two circles of radii 1 and 3 respectively and centres A(0,0) 
and B(—1,3) respectively. If s and s’ meet at the points P and Q, show 
that 2 APB = AQB = 90°. 

24 A point moves so that its distance from the axis of x is equal to its distance 
from the point (1, 1). Find the equation of its locus. 

25 Given that P is the point (4,7), write down the co-ordinates of the points 
which are (i) the reflection of P in the x-axis, (ii) the reflection of P in 
the line y = x, (ili) the reflection of P in the line y = —x. 

26 Find the equation of the loci whose parametric equations are (i) x = 4t?, 
y = 16¢; (ii) x= 448, y=6- It. 

27 Show that the point P with co-ordinates [(1 — k)x,; +kx2,(1—k)y, +ky2] 
lies on the line joining A(x,, y2) and B(x,, y,) and that AP = kAB. 

28 The points A, B, C have the co-ordinates (2,3), (—11,8) and (—4, —5) 
respectively. The point D is such that ABCD is a parallelogram having 
AC as diagonal. Find the co-ordinates of the mid-point of AC and deduce 
the co-ordinates of D. 

29 A variable line meets the axes at A,B. O is the origin. If AB moves so 
that the area of A AOB is constant, find the locus of the mid-point of AB. 

30 A point P moves along the straight line which passes through the point 
A(5,0) and makes an angle of 45° with the x-axis. Find the equation of the 
locus of P. [Hint: use the sine rule on the triangle OAP.] 


18 
The straight line 


18.1 The equation of a straight line parallel to one of the 
co-ordinate axes 


In Figure 18.1, let P(x, y) be any point on the line. Since the ordinate PN 
is equal to OA for all positions of P then 


y=b (18.1) 


is true for all points on the line and is the required equation. 





Figure 18.] 


Similarly, x = a is the equation of a line parallel to Oy and distance a 
from it. In particular, the axes Ox and Oy have the equations y = 0 and 
x = 0 respectively. 


18.2 The equation of any straight line in terms of its slope and 
its intercept on the y-axis 


Consider Figure 18.2. ABP is the straight line, OB = c, and angle BAO = 8. 
P(x, y) is any point on the line, PN is its ordinate and BM is parallel to Ox. 
Then 


LPBM = ZBAO = 6 


thus 
PM = BMtan@ 
y—c=xtand 
y=xtan0+c 
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Figure 18.2 


tan 0 is the slope of the line and is generally denoted by m. Hence the required 
equation is 


y=mx+c (18.2) 
Example 1 Write down the equation of the line which makes an angle of 


45° with Ox and cuts Oy at a distance of 3 units above the origin. 
From (18.2) the required equation is 


y=xtan4S° +3 
that is 


y=x+3 (see Figure 18.3) 


eX 





Figure 18.3 


Example 2. Write down the equation of the line which makes an angle of 
150° with Ox and an intercept of —3 units on Oy. 

In this case c= —3 and m= tan 150° = —1/,/3. Hence the required 
equation is 


y= 5 —3 (see Figure 18.3) 
Example 3 Sketch the line whose equation is y = —x —2. 
Comparing y = —x —2 with y = mx +c, we have tan@ = m =—1 and 


c = —2; hence 8 = 135° and c = —2. 
Thus the line makes an angle of 135° with the positive direction of Ox 
and cuts Oy at a distance of 2 units below the origin (see Figure 18.3). 
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It will be noticed that all the equations of a straight line have so far been 
of the first degree in x and y. We shall now prove that any equation of the 
first degree in x and y represents a straight line. 


18.3. Any equation of the first degree in x and y represents a 
straight line 


The most general form of an equation of the first degree is 
Ax + By+C =0 (18.3) 


In order to prove that this equation represents a straight line, it is sufficient 
to show that the area of the triangle formed by joining any three points on 
the locus is zero. 

Let (x1, y;), (X2, 2), (¥3, 3) be any three points on the locus. Since the 
points are on the locus of the equation (18.3), their co-ordinates must satisfy 
the equation; thus 

Ax, + By, + Cc = 0 
Ax,+By,+C=0 
Ax, + By3 + C=0 

Subtracting the first of these equations from the second and third in turn, 

we obtain 

A(x, —X;)+ Bly, —y1) = 0 

A(x3 — xX,) + B(y3 — y1) = 0 
By considering the value of the ratio A/B obtained from each of these 
equations, we have 


_O2=y) _A_ _Ws—y) 
(x,-—x,) B (x3 — x4) 
thus 
(y2 — Y1)(%3 — X1) = (V3 — V1) (%2 — 1) 
whence 


X12 — X2¥1 + X2Y3 — X3V2 +X3y1 — Xi y3 =O 


which (see (17.11)) proves that the area of the triangle formed by the three 
points is zero. Hence the locus is a straight line. 

The equation Ax + By + C = Oappears to involve three separate constants, 
but we can divide throughout the equation by any of A, B or C (which is 
not zero). Dividing by B we have 


age fag 
BB! 


that is 
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from which it is clear that only the values of the two ratios A: B: C are required. 
Comparing this with 


y=mx+c (see (18.2)) 


we have 
C 
= —-— =—-— 18.4 
m Cc B ( ) 


Example 1 Find the slopes of the lines 3x + 12y —-3 = 0, 5x -2y -—4=0 
and the lengths of their intercepts on Oy. 
Rewriting the two equations, we have 


12y =-3x+3 and 2y=5x-—4 
thus 
y=—4x+4 and y=}x-2 
On comparing these equations with y = mx + c, we see that their slopes are 
tan0, = —4 (0, = 165°58’) 


tan 0, =} (9, = 68°12’) 
and their intercepts on Oy are 
Cy =4 C2 = —2 


Exercises 18a 


1 Write down the equations of the following lines: 
(i) the line making an angle of 20° with Ox and an intercept of +5 units 
on Oy 
(ii) the line making an angle of 150° with Oy and an intercept of —4 
units on Oy 
(iii) the line through the origin making an angle of 50° with Ox 
(iv) the line through the origin making an angle of 20° with Oy. 
2 Find the equations of 
(i) the line through the origin parallel to the line y = 5x +2 
(ii) the line through the origin parallel to the line 3x +2y+4=0 
(iii) the line which makes an intercept of + 4 units on Ox and whose slope 
IS q 
(iv) the line parallel to Ox and passing through the point of intersection 
of 2y —3x +4 =0 and the y-axis. 

3 Find the slopes, and the lengths of the intercepts the following lines 
make on Oy: (i) 3y —4x + 6 =0, (ii) 2y + 2x —3 =O, (iil) 5x — 3y = 0, 
(iv) y—6 =0. 

4 Plot the two points A(0,5) and B(3,9) on a diagram. Hence show that 
the slope of the line AB is $. Write down the equation of AB. What is the 
slope of the line if A and B are the points (x,, y,) and (x2, y2) respectively? 

5 Plot the two points A(0,3) and B(—2,7) on a diagram. Hence show that 
the slope of the line AB is — 2. Write down the equation of AB. If A and 
B are the points (x,, y,) and (x2, y2), what is the slope of AB? Does this 
agree with the result in question 4? 


Useful forms of the equation of a straight line 349 


18.4 Useful forms of the equation of a straight line 


The equation of the straight line making intercepts a and 6 on Ox and Oy 
respectively 








Figure 18.4 


P(x, y) is any point on the line, PN is the ordinate (see Figure 18.4). Now 
AMPO + ALPO = ALOM 
Hence 
Say + 3bx = 5ab 
Divide throughout by 3ab, then 
ees | (18.5) 
a b 
This is called the intercept form of the equation of the straight line. 


Example 1 Write down the equations of the lines making intercepts a and 
b on Ox and Oy respectively, and rewrite the equations in the form y = mx + c, 
where (i) a = 2, b = 3; (ii) a= —1, b = 4; (iii) a = 5, b = —2; (iv) a = —3, 
b= —-4 

(i) x/2 + y/3 = 1, thus 3x + 2y = 6, that is 


y= —3x+3 
(ii) x/-—1+ y/4 = 1, thus 4x — y = —4, that is 
y=4x4+4 
(iii) x/5 + y/—2 = 1, thus —2x + Sy = —10, that is 
y=5x-2 
(iv) x/-—3 + y/—4 = 1, thus —4x — 3y = 12, that is 
y= —$x-4 


The equation of a straight line with given slope m and passing through a given 
point P(x;, y,) 


The equation of a line with slope m is by (18.2) y = mx +c. In this case, c is 
unknown, but since P(x,,y,) lies on the line, y, = mx,+c and so, by 
subtraction, 


y—Yy =m(x — x) (18.6) 


which is the required equation. 
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Example 2. Write down the equation of the line with slope — 3 and passing 
through the point (— 3,4), and simplify the equation. 
By (18.6) the equation is (y — 4) = —3(x + 3), that is 
3y —12 = —2x—-6 
3y+2x-—6=0 


The equation of a line passing through two given points (x,, y,) and (x2, y2) 


The equation of a line passing through a given point (x,, y,) is by (18.6) 
y— yy, = m(x — x,). In this case, m is unknown. However, (x3, y2) also lies on 
the line. Hence on substituting in the equation, we have y. — y,; = m(x2— X;), 
whence by division 
da 4 anes aS (18.7) 
Y2—Vi Xa - MH 
which is the required equation. 





Example 3 What is the simplified form of the equation of the lines through 
the following pairs of points (i) (3, 4), (6, 8); (ii) (5, 3), (7, — 2)? 
(i) On substituting in (18.7), we have 














y-4 _ x—3 
8-4 6-3 
y-4_x-3 
4°33 
3y —12 = 4x — 12 
3y = 4x 
(ii) On substituting in (18.7), we have 
¥Ss: 435 
=2-3 7-5 
y-3 x-S5 
=-5 2 


2y—6 = —5x+25 
2y + 5x—31=0 


The equation of a line such that the length of the perpendicular from the origin 
to the line is p, and the angle that perpendicular makes with Ox is a 


Referring to Figure 18.5, PO is the perpendicular from the origin to the line. 
Since OPM = 90° 
M _— 
Op = seca 


OM = OPseca = pseca (i) 
Also 


LLOP = 90° —a« 
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so that 
OL é 
OP = sec (90° — a) 
OL = OPsec (90° — a) = psec(90 — a) (ii) 


But OM, OL are the intercepts the line makes on the axes Ox and Oy. Hence 
by (18.5) its equation is 
ea 
pseca psec(90° — a) 
xcosa + ycos(90° — a) = p 
xcosa+ysina =p (18.8) 





This is called the perpendicular form of the equation of a straight line. 


Example 4 If in Figure 18.5 OP =5 units and POL = 20°, find the 
equation of the line LM. In (18.8) 


a= £ POM = 90° — 2 POL 
= 90° — 20° 
= 70° 
and 
p = OP = S units 
Hence LM is the line xcos 70° + ysin 70° = 5. 


Example 5 If in Figure 18.5 the equation of PLM is 3x + 4y — 12 =0, put 
this equation into both (i) the intercept and (ii) the perpendicular form. 


(i) 3x + 4y—12=0 
If we divide by 12, 


xX y_ 
4 + 3 =1 as required 
(ii) If instead we divide by ,/(3? + 47) = 5 then 
Bx+$y=s 


which is the perpendicular form because 3, $ are the cosine and sine of 
the same angle since the sum of their squares is unity. 
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Exercises 18b 


1 Find the equations of the following lines: 
(i) passing through the points (5, 3), (—2, 1) 
(ii) passing through the points (6, — 2), (3,7) 
(iii) making an angle of 135° with Ox and passing through the point (— 2, 5) 
(iv) parallel to 2y + 3x — 4 = 0 and passing through the point (5, —2) 
(v) passing through the points (— 5,0), (0, — 2) 
(vi) such that the length of the perpendicular to the line from the origin 
is 6 units and the perpendicular makes an angle of 45° with Ox. 

2 Write down the equation of the line making intercepts of —5, +3 on the 
x- and y-axes respectively. Put the equation into the perpendicular form. 

3 Find the slope of the line through the points (5, 3), (7, —2). Also find 
(i) the perpendicular form, (ii) the intercept form, of its equation. 

4 Ois the origin and a line OA of length 2a makes an angle « with the x-axis. 
Find the equation of the perpendicular bisector of OA. 

5 A line makes an obtuse angle 6 with the positive direction of Ox. If & is 
the angle the perpendicular to the line from the origin makes with the 
positive direction of Ox, find the relation between « and 6. Does the same 
relation hold when @ is acute? 


18.5 The co-ordinates of the point of intersection of two straight 
lines 
Let the equations of the lines be 


ayx+byy+c,=0 a,x+b,y+c, =0 


As we have noted in Section 17.6, to obtain the point of intersection we solve 
these equations simultaneously. Eliminating x and then y, we obtain 


x ~y 1 








= = 18.9 
byc2—b2¢,  ayCy— nC, ab — aby a 
The values of x, y for the point of intersection are 
= bic, — bac, y= _ F102 4201 (18.10) 
a,b, —ay,b, a,b,— a,b, 


We note that ifa,b, — a,b, = 0, there is no solution. But this may be written 


a,b, = a,b, 
that is 
id Bead 
b, by 


and thus the slopes (see (18.4)) of the two lines are equal. That is, the lines 
are parallel and have no point of intersection. 
If in addition either b,c, — b,c, = 0 or a,c, — a,c, = 0, then 
BG PE Boge (18.11) 


a b, © 
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and from this we see that all three of the quantities in (18.9) are zero and 
x and y are indeterminate. The geometrical explanation is that, since from 
(18.11) a, = ka,, b) = kb, cy = kc, one equation is a multiple of the other 
and the lines coincide. 


Example 1 Find a general solution for the point of intersection of the 
lines ax + Sy + b = 0, 2x + y+ 3 =0 and discuss the three cases (i) a # 10; 
(ii) a = 10, b # 15; (iti) a = 10, b = 15. 
From (18.9) the solution is given by 
a? ae ae 
15—b 3a—2b a—10 





Case (i): since a # 10, 
a—10#0 
and hence a real point of intersection exists. 
Case (ii): since a = 10, b # 15, 
a—10=0 but 15—b#0 
hence the lines are separate but parallel. 
Case (iii): if a = 10, b = 15, then the equations are 
10x + 5y+15 =0 
2x+y+3=0 


and the first equation is a multiple of the second and the lines are not distinct. 


18.6 The positive and negative sides of a line 


Consider any straight line and let its equation be ax + by +c = 0. Let P(x,,y,) 
be any point and let the line through P parallel to the y-axis cut the line 
in the point Q whose co-ordinates are (x,, y,). Then it is clear from Figure 
18.6 that, so long as P remains on the same side of the straight line, PQ 
is always drawn in the same direction. If P is a point on the other side of 
the line, then PQ is drawn in the opposite direction. That is, PQ is positive 





Figure 18.6 
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for all points on one side of the line and negative for all points on the other 
side. 

Now PQ=y1—Y2 (i) 
and since the point Q(x,, 2) lies on the line 


ax, + by, +c=0 





+ ee 
y2= -= (ii) 
From (i) and (ii) 
ax; +c 
PQ =\—- ( = 7 ‘) 
_ 9X + ee +c (ii) 


Since the sign of PQ changes as P crosses the line, it follows from (iii) that 
the sign of ax, + by, +c (0 is fixed) must alter as P crosses the line. Thus 
the line divides the co-ordinate plane into two parts such that ax + by+c 
is greater than or less than zero. If c > 0, the origin is on the positive side 
of the line. If c <0, the origin is on the negative side of the line. 


Example 1 The co-ordinates (x, y) of a point P satisfy all three of the in- 
equalities 
2x +3y—6>0 
x—y+6>0 
y+5x—20<0 


Draw a diagram to show the area within which P must lie. 
Figure 18.7 shows the required area. 





Figure 18.7 
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Exercises 18c 


1 Show that the three lines 3x —2y+1=0, x+2y+3 =0, 7x—2y+5=0 
pass through the same point. 

2 Find the points of intersection of the following pairs of lines: 

(a) 2x + 3y—13 =0, 3x-—y-—3 =0 
(b) 2x +y—2=0, 4x+5y+5=0 
(c) x/a+ y/b = 1, x/b+ y/a=1 

(d) y = 4x, y = 3x +2. 

3 Show that the following three lines do not form a triangle: (i) 18x — 12y +9 
= 0, (ii) 12x + 8y — 6 = O, (iii) 8y = 12x + 6. 

4 What must be the value of k in order that the lines (i) 2x + y—3 =0, 
(ii) kx + 3y +1 =O, (ii) x + y +7 =O may meet in a point. Discuss the 
cases when k = 3 andk = 6. 

5 Find the equation of the line joining the origin to the point of intersection 
of the lines x + 2y + 5 = 0, 3x —2y —13 = 0. 

6 A point P has co-ordinates (x, y). Draw separate sketches showing the 
area in which P must lie in the following cases: (i) 3x +2y—1>0, 
(ii) 2x — y—4 <0, (iii) x + y+ 5 >0, (iv) 2x —y+7<0. 

7 A point P(x, y) is such that its co-ordinates satisfy all the inequalities 
x+y—6<0, y—2x+620, 4x+y20, y—2x—6<0. Show in a 
sketch the area within which P must lie. 

8 If in question 7 all the inequality signs are reversed, in which area must 
P(x, y) lie? 

9 Show that for one particular value of k all the lines kx —3y—3 =0, 
—x+2y—k=0, 9x—4y—11=0, 13x—ky—19=0 pass through 
one point and state the co-ordinates of the point. 

10 A point P(x, y) lies within the triangle formed by the three lines 
5x +7y —35=0, 4x—1ly—28=0, 14x+3y+68 =0. Write down 
with the aid of a sketch the three inequalities its co-ordinates must satisfy. 


18.7 The angle between two straight lines 


If the equations of the lines are given in the perpendicular form (see (18.8)) 
xcosa+ysina—p, =0 xcosB + ysinB — p, = 0 


then, referring to Figure 18.8, the required angle is either « — B or x — (a — B). 
Because a and # are the angles the perpendiculars from the origin to the 
two lines make with Ox, then the angle between the perpendiculars is a — f. 
Also the angle between any two lines is equal or supplementary to the angle 
between two lines perpendicular to them. Hence the required angle is 


(«—B) or n—(a-— 8) (18.12) 


If the equations of the lines are given in the form y = myx +c,,y =m2X+c, 
and 6,, 9, are the angles the lines make with Ox, then 


m, =tan6, m, = tané, (i) 
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Figure 18.8 





Figure 18.9 


Referring to Figure 18.9, it can be seen that the required angle is 6, — 03. 
Now 
tan 6, —tan@, 
1 + tan 6, tan 0, 
m,;—m) 


=—1 ?) ¢ 
1+m,m, rom ty) 


tan (0, — 6) = 


Thus the required angle is 


1+m,m, 


arctan ad (18.13) 


If the equations of the lines are given in the form a,x +b,y+c, =0, 
a,x + b,y +c, = 0, then from (18.4) m, = —a,;/b,, mz = —a,/b.. Hence the 
required angle is 


arctan 





that is 


a,b, — a,b, 
t Se 18.14 
arctan (2: = sie) ( ) 
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Referring to (18.13) it should be noted that if 
mm, = —1 (18.15) 
that is 
1 


m, == 
m2 
then the angle between the lines is 2/2, and the lines are perpendicular. 
Similarly from (18.14), the lines are perpendicular if 


a,a,+6,b,=0 (18.16) 


Example 1 Find the angle between the lines y = 4x + $, y=4x +3. 
The slopes of the lines are m, = 4 and m, = 4. Hence from (18.13), the 
required angle is 
1 1 
372 1 
arctan —— } = arctan (— 
( +4x i} a 





The negative sign indicates that the obtuse angle between the lines is being 
found; hence the required acute angle is arctan (4) = 8°8’. 


Example 2 Find the equation of the line which is perpendicular to the line 
2x + 3y — 1 = 0 and passes through the point (4, 3). 
From (18.4) the slope of the given line is 


ee) 
mM, = —3 


Hence the slope of a perpendicular line is 


ar 3: 
2 


Since the required line passes through the point (4, 3), its equation is (see 
(18.6)) 


(y= 3) = 3(x-4) 
that is 
2y —3x +6=0 


Example 3 OA and OB are the equal sides of an isosceles triangle lying 
in the first quadrant. OA and OB make angles 0, and @, respectively with 
Ox. Show that the gradient of the bisector of the acute angle AOB is 
cosec 6 — cot 8, where 0 = 6, + 43. 
Referring to Figure 18.10, let L AOP = a = Z POB. Hence 
LPOx=6,+a or 6,-4 
2LPOx = 0, +4, 
=6@ (given) 
Therefore 


LPOx =40 
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Now 


gradient of PO = tan 2 POx 
= tan}6 
sin 40 
esate 

2sin? $0 


~ 2sin40cos46 





_ 1 —cos6 
~ sind 
= cosec 6 — cot @ 


Exercises 18d 


1 Find the acute angles between the following pairs of lines: 
(a) y=3x+4, y=2x—-1 
(b) 3x +4y +7 =0, 4x -Sy+2=0 
(c) xcos(a— 7/4) + ysin(a — 2/4) = 3, xcos(a + 2/4) + ysin(a + 2/4) =7 
(d) 5x —6y +7 =0, 6x + Sy —3 = 0. 

2 Find the equation of the line perpendicular to the line 3x + 2y + 4 = O and 
passing through the point (5, 6). 

3 Find the equation of the line passing through the points (1,4) and (—2, 7) 
and show that it is perpendicular to the line x —y +3 = 0. 

4 Given the two lines x+y+7=0 and /3x—y+5=0, put their 
equations into the perpendicular form and hence find the acute angle 
between them. Verify your result by using (18.14). 

5 Find the equations of the sides of the triangle ABC where A, B, C are 
the points (5, 7), (3, 3), (7, 1) respectively. Hence show that the triangle ABC 
has angles of 90°, 45° and 45°. Verify this result by finding the lengths of 
the sides of the triangle. 


18.8 The perpendicular distance of a point from a straight line 
Let P(x,,y,) be the point and the equation of the line be 

xcosa+ ysina =p (18.17) 
Referring to Figure 18.11, any line parallel to the given line is 


xcosa+ ysina = p’ 
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and this passes through the given point P(x,, 1) if 
x, Cosa+ y,sina = p’ (18.18) 


Now the required distance is 
PC =AB 
=OB—OA 
=p —p 
=x,cosat+y,sina—p (from (18.8)) 
Hence the required result is 


x,cosa+ y,sina—p (18.19) 


If the equation of the line is given as ax + by +c = 0, it may be rewritten 
a x+ : + =0 
Va? +b)" Ja? +6) * Ja? +67) 


which is in the perpendicular form because 








a b 
JV@ + 6?) es J(a? + b?) 


are the sine and cosine of an angle since the sum of their squares is unity. 
Hence from (18.19) the length of the perpendicular is 


ax, +by,+c 
J(a? + b’) 


If the denominator J(a? + b?) is always taken as positive, then the length 
of the perpendicular from any point on the positive side of the line will be 
positive and from any point on the negative side of the line it will be negative 
(see Section 18.6). 


(18.20) 


Example 1] Find the length of the perpendicular from the point P(2, —4) 
to the line 3x + 2y — 5 = 0 and state which side of the line P is on. 
From (18.20) the length of the perpendicular is 
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x (2) +2 x (—4)—5 7 


~~ eee). 3 
Thus the length of the perpendicular is 7/,/13 and it is on the negative side 
of the line. Substituting the co-ordinates (0,0) of the origin in the equation 
of the line 3x + 2y — 5, we obtain —5. Thus the origin is also on the negative 
side of the line. Hence P is on the same side of the line as the origin. 


Exercises 18e 


1 Find the lengths of the perpendiculars from the point P to the line L in 
the following cases: 
(a) P(3,4), L=3x+4y+6=0 
(b) P(—2, rae L=3x+4y+6=0 
(c) P(5,6), L=3x-6=0 
(d) P(—3, —2), L=5x — 12y+1=0. 
Find the lengths of the perpendiculars from P(3,4) to the two lines 
7x + 24y — 1 = Oand 3x + 4y — 36 = 0 and state on which sides of the lines 
the point P is situated. 
Show that the point P(1, 1) is equidistant from the three lines 5x + 12y +9 
= 0, 3x + 4y —17 =0, 3x — 4y —9 =0. Is P the incentre of the triangle 
formed by the three lines? 
The point P(a, 2) is equidistant from two lines 4x —3y+7=0 and 
7x + 24y — 30 = 0; find the value of a. 
Find the incentre of the triangle formed by the three lines 12x — Sy +9 = 0, 
3x + 4y —27 = 0, 5x + 12y — 45 = 0. 


N 


w 


nan & 


18.9 The equation of a straight line through the point of 
intersection of two given straight lines 


Let the equations of the straight lines be 
a,x+bjyt+c, =0 a,x +bzyt+c,=90 (18.21) 
Consider the equation 
(a,x +byy +c1) + A(agx + b,y +c2) =0 (18.22) 


where J is any constant. 

This is the equation of a straight line since it is of the first degree in 
x and y. Further, it is satisfied by the co-ordinates of the common point of 
the two given lines, since these co-ordinates satisfy simultaneously the 
equations (18.21) and hence must satisfy the equation (18.22). Thus it is the 
required line. 

This is an example of a more general device used in co-ordinate geometry; 
namely if S,; =0 and S,=0 are the equations of any two loci, then 
S, + AS, = 0 is the equation of a locus through the common points of S, = 0 
and S, =0. 

In the case of the straight line (18.22), a second condition is required to 
find 2. 


Example 1 Find the equation of the line drawn through the point of inter- 
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section of the lines 3x + 2y — 3 = 0,5x — y + 8 = 0 whichalso passes through 
the point (2, 2). 

Any line through the point of intersection is given by (3x + 2y — 3) + 
A(Sx — y+ 8) =0. 

If this passes through the point (2, 2), its co-ordinates satisfy the equation 
and hence 


(6+ 4-—3)+A10—-—2+8) = 
74+ 164 =0 
l=-% 
Hence the required equation is 
(3x + 2y — 3) —73(5x — y + 8) = 
16(3x + 2y — 3) — 7(5x —y+ 8)= 
13x + 39y — 104 =0 
that is 
x+3y—8=0 


Example 2 Find the equation of the line drawn through the point of inter- 
section of 3x — y— 13 = 0 and x —4y+3 =0 and which is perpendicular 
to Sy+ 2x =0. 

Any line through the point of intersection is given by (3x — y—13)+ 
A(x —4y + 3) =0, that is (3+ A)x —(1 + 44)y — 13+ 31 =0. Its slope is 
3+A4 


ear Hence it is perpendicular to 5y+2x =0 whose slope is —# if 
3+4 2 
a 18.15 
aw Vie 1 (see ( )) 





whence 
6+24=5+420A 
i= 
Therefore the required equation is 
(3x — y — 13) + a(x — 4y + 3) = 
55x — 22y — 231 =0 
that is 
5x —2y—21=0 
In the particular cases when 4 has either of the values 
“if (a,? + by’) 
s a (a, + b,”) 
equation (18.22) may be written 


(a,x +b,y+c,)= ae By art bay +e) 
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that is 


ayxt+biyy+c, a,x+b,y+c, 
eee, de ES = 18.23 
Va? +b) > Ja? +b) eo 
which shows that the perpendiculars from the point (x, y) to either of the 
lines a,x + bjy +c, = Oora,x + b,y +c, = Oare equal in magnitude. Hence 
(18.23) gives the equations of the bisectors of the angles between the lines. 








To distinguish between the two bisectors, write the equations of the lines 
with their constants hoth positive and take both the denominators positive. 
Then taking the positive sign in (18.23) gives the bisector of the angle in which 
the origin lies. 


Example 3 Write down the equations of the bisectors between the lines 
3x —y—2=Oand 2x —2y+7=0. 

Rewriting the first equation —3x + y + 2 = 0, the equations of the bisectors 
are given by 


SIEVE 5 esp 
J10 oF V8 


Thus 2,/2(—3x + y + 2) = +./10(2x — 2y +7) is the equation of the bi- 
sector of that angle in which the origin lies; that is 


(2/5 + 6)x — 21+ J5)y + 7/5 —4=0 
and the other bisector is 


(2/5 —6)x + A1— Sy + 7/5 4+4=0 


Exercises 18f 


1 Aline passes through the point of intersection of the lines 3x + 2y—1 =0 
and 5x + 6y + 1 =0. Find its equation in the following cases: (a) if it also 
passes through the origin, (b) if it is perpendicular to 4x — y = 0, (c) if it 
is parallel to 2x + 3y—1=0. 

2 Find the equations of the bisectors of the angles between the lines 
2x +4y —3 =0 and 2x —y+7=0 and verify that the bisectors are at 
right angles to one another. 

3 Show that one of each pair of bisectors of the angles between the lines 
3x —4y —4=0, 12x —5y + 6 = 0, 7x + 24y — 56 = 0 taken in pairs, pass 
through the point (1, 1). 

4 Two lines through the origin have a combined equation 2y? — xy — 
6x? = 0. Factorise this in order to find the separate equations of the two 
lines and hence show that the combined equation of the internal bisectors 
of the angles between the two lines is x? — 16xy — y? = 0. 

5 Find the equation of the two lines through the point of intersection of the 
lines 3x + 2y — 1 =O and 2x — y+ 7 =0 which are also (a) perpendicular 
to 3x + 2y — 1 =0, (b) perpendicular to 2x —-y+7=0. 
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Exercises 18 
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P, Q, R are the three points with co-ordinates (1, 0), (2, —4), (—5, —2) 
respectively. Find 

(a) the equations of PQ, QR, PR 

(b) the equation of the line through P perpendicular to QR 

(c) the equation of the line through Q perpendicular to PR 

(d) the point of intersection of the lines (b) and (c) 

(e) the area of the triangle PQR. 

Find the equation of the perpendicular bisector of AB where A, B are 
the points (3, 2), (5, 1) respectively. 

Sketch on the same diagram the lines whose equations are 


( 
(c) Ox + 3y — 12=0 

(d) 3x —Sy+ 75 =0 

(ec) x -—7=0 

(f) y+8 =0. 

Find the equation of the lines through the point (6, 5) which are (a) per- 
pendicular to 3x — 4y = 0, (b) parallel to 3x — 4y = 0. 

Find the equation of the line joining the points (3, 6), (5, 7) and show 
that it is perpendicular to the line joining the points (—3, 4), (—2, 2). 
Rewrite the equation of the line 5x — 4y — 20 = 0 in (a) intercept form, 
(b) perpendicular form. 

The co-ordinates of the three points L, M, N are (a, a), (—a, —a) and 
(0, —a) respectively. A point X is taken on MN such that the ratio of 
MX to XN is t:1 and a point Y is taken on LX such that the ratio of 
LY to YX isalso t: 1. Provethat the co-ordinates of X and Y are respectively 


a a a(l —t) 
|- lat ; -a| and Fean cow (JMB, part] 


Show that the three equations x+2y—k=0, x+ky—2=0 and 
kx +4y —4=0 are consistent when k = —4 or 2. Give a geometrical 
interpretation in either case. Discuss the case when k = —2. 

A Straight line parallel to the line 2x + y = 0 intersects the x-axis at A 
and the y-axis at B. The perpendicular bisector of AB cuts the y-axis at C. 
Prove that the gradient of the line AC is —3. Find also the tangent of 
the acute angle between the line AC and the bisector of the angle AOB, 
where O is the origin. [JMB] 
The lines L,, L,, L3 have the equations x + y+1=0, y+2x+2=0, 
3y —9x + 11 =Oand meet the y-axis at the points A, B, C respectively. 
If Dis the point (— 2, —3), prove that DA, DB and DC are perpendicular 
to L;, L2, L3 respectively. 

Find the co-ordinates of the foot of the perpendicular from the point 
(x1, y;) to the line ax + by + c = Oand deduce that the co-ordinates of the 
image of the point in the line are 





2a 
| x - zz(ax, + by, +c), jee ae ay. +c) 
a+b a*+b 
[JMB, part] 
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The vertices B, C of a triangle ABC lie on the lines 3y = 4x, y=0 
respectively, and the side BC passes through the point (3, 3). If ABOC 
is a rhombus where O is the origin of co-ordinates, find the equation of 
the line BC and prove that the co-ordinates of A are (8, 2). [LU] 
A point P lies in the plane of the triangle ABC and G is the centroid 
of this triangle. Prove that 


PA? + PB? + PC? = 3PG? + 4(BC? + CA? + AB?) 


What is the least value of PA? + PB? + PC? as P varies in the plane? 
Given the four points (a/m,, am,), r = 1, 2, 3, 4, find the condition that 
the line joining any two of the four points is perpendicular to the line 
joining the other two. 

A, B, C are the points (—4, —2), (3, 1), (—2, 6). D is a point on the 
opposite side of AB to C which moves so that the area of the triangle 
ADB is always 50 square units. Find the equation of the locus of D. If 
CD meets AB at the point Q verify that the ratio CQ:QD is constant 
for all positions of D. 

A, B,C, D are the points (x4, y1), (x2, ¥2); (X35 3), (X4; ¥4). Show that ABCD 
is a parallelogram provided that x, +x; =X2,+x,and y, + y3 =y2+Yq. 
Show also that the parallelogram is a rectangle if 


X1X3 + Yi ys = X2Xq + Y2V4 


Without drawing a figure, determine whether the point (4, 3) is inside 
or outside the triangle formed by the lines y = x + 6, 3y + 4x — 24 =0, 
y+8=0. 

The altitudes AD, BE, CF of a triangle ABC are x + y =0, x -—4y =0 
and 2x — y = O respectively. If the co-ordinates of A are (k, —k), find the 
co-ordinates of B and C. Find also the locus of the centroid of the triangle 
ABC as k varies. 

Find the equations of the lines through the point (2, 3) which make angles 
of 45° with the line x — 2y = 1. [LU] 
Obtain the equation of the straight line through the point P(h, k) per- 
pendicular to the line ax + by + c = 0. PA, PB are the perpendiculars from 
P to the lines y = x, y = 4x. Find the co-ordinates of M, the middle point 
of AB, and show that if P moves on the line 5x + 4y + 10 = 0 then M 
will move on the line x — 7y = 5. [WJC] 
Show that the area of the parallelogram formed by the lines 3x + 4y = 7p, 
3x + 4y = 7q, 4x + 3y = 7r, 4x + 3y = 7s is 7(p — q)(r — 5). 

The length of the perpendicular to a line from the origin is 5 units. The 
line passes through the point (3, 5). Find its equation. 

Show that any point on the line 4x + 7y — 26 = 0 is equidistant from the 
two lines 3x + 4y —12 =O and 5x + 12y —52 =0. 

Find the values of k for which the lines 2x + ky + 4 = 0, 4x — y— 2k =0, 
3x + y — 1 = 0 are concurrent. (JMB, part] 
Show that the line y(m + 1) = x(m — 1) + 4 always passes through a fixed 
point and find the co-ordinates of that point. 

OA and OB are the equal sides of an isosceles triangle lying in the first 
quadrant. The slopes of OA and OB are 7, and 1 and the length of the 
perpendicular from O to AB is ,/13. Find the equation of AB. (Use the 
result of Example 3 in Section 18.7.) 


Exercises 365 


27 The points P, Q are such that the line x cosa + ysina« = pis the perpendic- 
ular bisector of PQ. If the co-ordinates of P are (x, y) find the co-ordinates 
of Q. If the line is fixed find the locus of Q as P moves along the y-axis. 

28 The vertices O, A, B of a square OABC are the points (0, 0), (1, 0) 
and (1, 1) respectively. P is a variable point on the side BC. OP produced 
meets AB produced at Q and a line through B parallel to CQ meets OP 
at R. Prove that R lies on the diagonal AC when CP = (/5 — 1)/2. Find 
the equation of the locus of R as P varies and give a rough sketch of 
the locus. [LU] 

29 (a) Find the gradients of the bisectors of the angle between the lines 

y-—7x=0,x+y=0. 

(b) If A, B, C and D are the points on the x-axis with abscissae 2, 4, 6 
and 8 respectively, find the co-ordinates of the two points P and Q 
in the first quadrant which are such that 


tan APB = tan CPD = tan AQB = tanCQD = 3 [JMB] 
30 Find the condition that the lines 
a,x+byyt+c, =0 
a,x+b,y+c, =0 
a3x+b3y+c3 =0 


are concurrent. 


19 
The circle 


19.1. The equation of a circle 


Let C(a, b) be the centre and r the radius of the circle. Let P(x, y) be any 
point on the circumference of the circle, then (see Figure 19./) 


CP =r 
CP? = r? 
Now referring to (17.5), which gives an expression for the distance between 
two points, we have 
(x — a)? +(y —b)? =r? (19.1) 


which is the required equation. 
If we let a= b =0, the centre of the circle will be the origin and the 
equation reduces to 


x+y=r? (19.2) 
Equation (19.1) may be written 
x? + y? — 2ax — 2by +a? +b? =r? 
The equation of a circle is thus of the form 
x? + y? + 29x + 2fy+c=0 ; (19.3) 
where g, f, c are constants. Conversely, (19.3) can be rewritten 
P+ Igxt P+ y+ Byt Pag tfr—e 


P (x,y) 


Figure 19.1 
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that is 
(<x+ 9° +(yt+fP =9? +f? —c 
Comparing this with (19.1), we see that (19.3) represents 
a circle centre (—g, —f), radius \/(g? +f? —c) (19.4) 
In general, the equation of a circle is such that 


(i) the coefficients of x? and y? are equal; 
(ii) there is no term in xy. 


Example | Find the equation of the circle centre (—3, 4), radius 7. 
The equation is 


(x +3 +(y-4 = 7 
x? + y? + 6x —8y—24=0 
Example 2 Find the centre and radius of the circle 4x? + 4y? — 12x +5 =0. 


In order to put the given equation into the standard form (19.1), it is first 
necessary to divide throughout by 4, thus 


x? + y?-3x+3=0 
that is 
x? — 3x +(—9) + y? =(-3) -3 
whence 
(x-g’ +y?=1 
Thus the circle has centre (3, 0), radius 1. 


Example 3 Find the equation of the circle centre (+4, —7) which touches 
the line 3x + 4y-—9 =0. 

Since the line is a tangent, then the radius of the circle is equal to the 
perpendicular distance from the centre to the line. Thus 


3(4) + 4(—7)-9 
V(3? + 4’) 
—25 
5 
=—5 
Thus the equation of the circle is 


(x — 4)? + (y + 7)? = 25 


radius = 


that is 
x? + y? —8x + 14y +40 =0 


Example 4 Find the equation of the circle with AB as diameter. A, B are 
the points (x1, y1), (x2, Y2)- 

Let P(x, y) be any other point on the circumference of the circle (see 
Figure 19.2). 
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Figure 19.2 


The slopes of AP and BP are respectively 


Since AB is a diameter, 2 APB = 90°; thus AP and PB are perpendicular; 
hence by (18.15) the product of their slopes is —1. Thus 


Y—~-V1\[(¥— 2 =_| 
x—x,/\x—x, 


(x — xy )(x — X2) + (¥ — Vi)(y — Y2) = 9 (19.5) 


which is the condition satisfied by the co-ordinates of any point on the circle 
and is therefore the required equation. 


or 


Exercises 19a 


1 Write down the equations of the following circles: (i) centre (3, 7) radius 5, 
(ii) centre (—3, — 7) radius 6, (iii) centre (5, 0) radius 5, (iv) centre (0, — 3) 
radius 4. 

2 Find the centre and radius of the following circles: 

(i) x? + y?4+2x+6y+6=0 
(ii) 9x? + Dy? + 27x + 12y +19 =0 
(iii) x? + y? — 5x =0 
(iv) 4x? + 4y? — 28y + 33 =0 
(v) x? + y? — 2ax + 2by + 2b? =0 (a, b constant) 
(iv) x? + y? + 2ax — 2ay =0 (a constant). 

3 Find the equation of the circle centre (7, —6) which touches the line 
3x —4y+5=0. 

4 Find the equation to the circle which has the points (3, 2) (0, — 1) as ends 
of a diameter. 

5 Find the equation of the circle centre (3, — 2) touching the line x + y — 3 
= 0. 

6 Show that the circle x? + y? — 2x — 2y + 1 = 0 touches both Ox and Oy. 

7 Show that the circle x? + y? — 2ax — 2ay + a? = 0(ais apositiveconstant) 
lies wholly in the first quadrant and touches both Ox and Oy. 

8 Use the result of question 7 to find the equation of the circle lying in 
the first quadrant which touches both axes and also the line 5x + 12y — 
52=0. 
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9 Find the equation to the diameter of the circle x? + y? — 8x + 6y + 21 =0 
which when produced passes through the point (2, 5). 
10 Find the equation of the circle which passes through the point (1, 1) has 
a radius of 5,/10, and whose centre lies on the line y = 3x —7. 


19.2 The equation of a circle through three non-collinear points 


Let the equation of the circle be x? + y? + 2gx + 2fy +c =0 and the three 
points be (x, y1), (x2, y2), (x3, y3). Since the circle passes through all three 
points, the co-ordinates of each point must satisfy the equation of the circle. 
Hence 

x7 + y17 + 29x, + 2fy, +c =0 

X27 + y2? + 29x, + fy. +c¢=0 

X37 + y37 + 29x3 + 2fys +c =0 
are three simultaneous equations which can be solved for g, f and c. 
Example 1 Find the equation of the circle through the points (6, 1), (3, 2), (2, 3). 


Let the equation of the circle be x? + y? + 2gx + 2fy +c = 0. Then since 
(6, 1) lies on the circle 


36+1+12g9+2f+c=0 
Similarly 
94+4+69+4f+c=0 
and 
4+9+49+6f+c=0 
Solving these simultaneous equations, we have 
f=-—6 g= —6 c=47 
Hence the required equation is 
x? + y?— 12x —12y +47 =0 


Exercises 19b 


Find the equation of the circles passing through the following points and 

state the length of the respective radii: 

1 (0, 0), (3, 1) and (5, 5) 

2 (5, 0), (6, 0) and (8, 1) 

3 (3, 2), (1, 1) and (1, 0) 

4 (2, 1), (—2, 5) and (—3, 2) 

5 Find the equation and radius of the circumcircle of the triangle formed 
by the three lines 2y — 9x + 26 = 0, 9y + 2x + 32 = 0, Ily —7x —27 = 0. 
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19.3 The equation of the tangent at the point (x,, y,) 
on the circle x? + y? + 2gx + 2fy+c =0 


Differentiating the equation with respect to x, we have 


dy 


Peres 


d 
+29 +2f = =0 


therefore 
dy —s_ (x +g) 





dx (y +f) 

Hence the gradient of the tangent at the point (x,, y,) is 

(x; +9) 

(yi +S) 
Thus by (18.6) the equation of the tangent is 
(x, +9) 
(yi +S) 
yr + fyi? Wy f= —xX, + x1? — gx + gx, 
XxX t yyy tgxtfy =x +7 + 9x1 +fV1 








(y-y) = —- 


Now add gx, +/fy, +c to both sides to obtain 
xX, + Vi tx + xi) tS t yi) +0 = x17 + 17 + 29x, + By te 
=0 
because (x,, y;) lies on the circle. Hence the required equation is 


XX, + yi + 9(x+x1)+f(ytyi)te=0 (19.6)* 


Example 1 Find the equation of the tangent at the point (— 3, 1) on the 
circle 4x? + 4y? — 12x + 24y —55 =0. 

When using (19.6) to find the equation of the tangent, it is not necessary 
to reduce the coefficient of x? and y? to unity, as it was when the centre 
and radius had to be found (see Section 19.1, Example 2). 

Hence the equation of the tangent is 


4x(— 3) + 4y.1 — 6(x — 3) + 12(y + 1) —55 =0 
that is 
8y —6x —17=0 
Example 2 Find the equation of the tangent at the point (1, 0) on the circle 


x? + y?—S5x-y+4=0. 
The equation of the tangent is 


x.l+y.0—3(x+ 1l)—Hy+0)+4=0 


* Note that this equation can be obtained from the general equation of a circle by replacing 
x? by xx,, y? by yyy, 2x by (x + x4), and 2y by (y + y4). 
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that is 
3x +y—3=0 


Exercises 19¢ 


Find the equations of the tangents to the following circles at the given points: 

1 x? + y? — 10y = 0; (3, 9) 

2 2x? 4+2y?+x—-—Ily—1 =0; (—2, 5) 

3 x? 4+ y? + 3x —3y — 38 =0;(—7, —2) 

4 9x? + Dy? — 12x + 42y — 236 = 0; (—2, 9%) 

5 Verify that the point (8, 6) is common to both the circles x? + y? — 11x — 
Ty +30 =0 and x?+y?—x+3y—110=0. Find the equations of the 
tangents to each of the circles at the point (8, 6) and hence deduce that 
the circles touch each other. 


19.4 The length of the tangent from a point P(X, Y) 
outside the circle x? + y? + 2gx + 2fy+c=0 


Referring to Figure 19.3, C is the centre of the circle and T the point of contact 
of the tangent. PT is perpendicular to the radius TC. 





Figure 19.3 
Hence 
PT? = PC? — CT? (i) 
From (19.4) C is the point (—g, —f) and P is the point (X, Y), therefore 
PC? =(X +g)? +(¥+f)? (ii) 
Also from (19.4) 
TC = radius = /(g? +f? —c) (iii) 


Hence substituting (iii) and (ii) in (i) 
PT? =(X +g +(Y¥4S7)-(9° +f? —9) 
=X74+ ¥?42gX +2fYic (19.7) 
Thus the square of the length of the tangent is obtained by substituting the 


co-ordinates of the point in the left-hand side of the equation of the circle. 
Note that if PT? has a negative value, it indicates that P is inside the circle. 
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Example I Find the length of the tangent from the point (5, 6) to the circle 
x? +y?+2x+4+ 4y—21=0. 
From (19.7) 
PT? = 57+67+2x5+4x6-21 
= 74 


hence PT = ,/74. 


19.5 The points of intersection of the straight line y = mx + c 
and the circle x? + y? = r? 


The co-ordinates of the points of intersection will satisfy the equations of 
the line and the circle simultaneously: 


e+yer (i) 

y=mxt+c (ii) 
Substituting in (i) from (ii), we have 

x? + (mx +c)? =r? 
or 
(1 + m?)x? + 2mex +c? —r? =0 (19.8) 
This equation has real, coincident or complex roots according to whether 
the discriminant of this quadratic, namely 
(2mc)? — 4(1 + m?)(c? — r?) = 4[r2(1 + m2) — c?] 

is positive, zero or negative, i.e. according as c? is less than, equal to, or greater 


than r?(1 + m?). 


Example I Find for what values of c the line y = 2x +c meets the circle 
x? + y? = 9 in two real, coincident and imaginary points. Illustrate with a 
diagram. 
Substituting y = 2x + c in the equation of the circle x? + y? = 9, we obtain 
x? + (2x +c)? =9 
5x? + 4cx+c?-9=0 
The discriminant of this quadratic is 16c? — 20(c? — 9) = 180 — 4c”. Hence 
if 180—4c?>0 ie. c? < 45 we have real roots 


if 180—4c? =0 ite c? = 45 we have coincident roots 
if 180—4c? <0 i. c?>45 we have complex roots 


These three cases are illustrated in Figure 19.4. 


The geometrical interpretation of these results is quite generally: if 
c?<r?(1+m?), the line cuts the circle in two distinct points; if C= 
r?(1 + m7), the line is a tangent to the circle; if c? > r?(1 + m7), the line and 
circle do not meet. 
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Figure 19.4 


Referring back to (19.8), the condition for y = mx +c to be a tangent to 
the circle x? + y? = r? is c? = r?(1 + m?). That is 


c= tr/(1 +m?) 
Thus the two lines 
y=mx tr /(1 +m?) (19.9) 
are always tangents to the circle x? + y? = r?. 


Example 2 Find the equations of the tangents to the circle x? + y? = 25 
which pass through the point (15, — 5). 

The radius of the given circle is 5 units. Hence from (19.9), y= 
mx + 5,/(1 + m?) are always tangents to the circle. These lines pass through 
the point (15, —5) if these co-ordinates satisfy the equation: 


—5 = 15m + 5,/(1 + m?) 
(—5—15m) = +5,/(1 + m?) 
On removing the common factor 5 and squaring, we have 
(1 + 3m)? = 14 m? 
8m? + 6m = 0 
which has two roots m = —3 or 0. Hence the two tangents are 
y= —3x+5/(1+ %) 
and 
y =0-—5/(1 +0) 
that is 4y + 3x = 25 and y = —S. 


Exercises 19d 


1 Find the lengths of the tangents from the point (5, —2) to (i) the circle 
x? + y? + 2x — 3y = 0 and (ii) the circle x? + y?—x—Sy+9=0. 

2 Find if the points A(2, —1), B(—2, —1), C(3, —2) are inside, outside, or 
on the circle x? + y?-—2x + y—5=0. 
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3 The length of the tangent from the point (3, 2) to the circle x? + y? — 2x — 
3y +k =0 is 9 units. Find the value of k. 

4 Find the points of intersection of the line x + y— 3 =0 and the circle 
x? 4+ y?+x—Sy+4=0. 

5 Find the equations of the tangents to the circle x? + y? = 289 which are 
parallel to the line 8x — 1Sy = 0. 

6 Write down the equation of the tangent to the circle x? + y? — 3x + Sy =0 
at the point (0, 0). 

7 Show that the line 3x — 4y — 10 = 0isacommon tangent of the two circles 
x? + y? =4 and x? + y? — 22x — 24y + 240 =0. 

8 Given the three circles 


x? + y? — 16x +60 =0 
x? + y?— 12x +20 =0 
x? + y? — 16x — 12y + 84 =0 


find (i) the co-ordinates of a point such that the lengths of the tangents from 
it to each of the three circles are equal, (ii) the length of each tangent. 
[LU] 
9 (i) Find the radius and co-ordinates of the centre of the circle x? + y? — 
2x — 6y + 6 = 0. (ii) If the line x = 2y meets the circle x? + y? — 8x + 6y — 
15 = 0 at the points P, Q, find the co-ordinates of P and Q and the 
equation to the circle passing through P, Q and the point (1, 1). [LU] 
10 A circle touches the y-axis at (0, 3) and passes through (9, 0). Find its 
equation. Find also the equation of the other tangent from the origin. 
[WJC] 


Exercises 19 


1 A circle, the co-ordinates of whose centre are both positive, touches both 
axes of co-ordinates. If it also touches the line 3x + 4y — 60 = 0 find its 
equation and the co-ordinates of its point of contact with this line. 

2 Show that the distance between the centres of the following circles is equal 
to the sum of their radii: x? + y? — 2x — 4y — 20 = 0, x? + y? — 26x — 
22y + 190 = 0. 

3 Prove that the line 3x + 4y = 13 is a tangent to the circle x? + y? — 2x — 
3 = 0 and find the equations of the two tangents perpendicular to this 
one. [LU] 

4 Find the radii and the co-ordinates of the centres of the two circles 
which touch the x-axis and which pass through the points (3, — 2) and 
(2, — 1). 

5 Determine the two values of c for which the line 3x + 4y+c=0O isa 
tangent to the circle x? + y? — 6x — 2y — 15 = 0. 

6 Show that for all values of 0 the line xcos@+ ysin@ = a is a tangent 
to the circle x? + y? = a? and find the point of contact in terms of 0. 

7 State the equation of the straight line which has gradient m and which 
passes through the point P(0, 18). Show that this line is a tangent to the 
circle, centre C(4, 6) and radius 10, provided that m satisfies the equation 
21m? — 24m — 11 = 0. Find the product of the gradients of the tangents 
from P to this circle. [AEB] 
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A, B are the points of contact of the tangents from the point P(1, 1) to 
the circle x? + y? — 4x — 6y + 12 = 0. Find the centre and radius of the 
circle and the length PA. Hence if the chord AB subtends an angle 20 
at the centre of the circle find the values of tan 0. 
Find the centres and radii of the circles x? + y? + 8x + 10y —4 = 0 and 
x? + y? — 2x —4=0. Find also the distance between their centres and 
hence (i) show that the circles intersect at right angles, (ii) find the length 
of their common chord. [AEB] 
Show that the pair of tangents from the point (23, 7) to the circle 
x? + y? = 289 are mutually perpendicular. 
Show that the line x — 5 = 0 always cuts the circle x? + y? — (6 + A)x — 
6y + (5A — 11) = 0 in the same two points, whatever the value of J. Find 
the co-ordinates of these points. 
Find the equation of the circle that passes through the points (0, 1), (0, 4), 
(2, 5). Show that the axis of x is a tangent to this circle and determine 
the equation of the other tangent which passes through the origin. 
[JMB] 
Mark the three points A(0, 2), B(O, —2), C(—4, 2) in a sketch and write 
down the co-ordinates of the centre, the length of the radius and the 
equation of the circle through the three points. Show that the line 
x+y+6=0 is a tangent to the circle. Also obtain the equation of a 
second circle that passes through the two points A, B and touches the 
line x + y+6=0. [JMB] 
A circle touches both the x-axis and the line 4x — 3y + 4 = 0. Its centre 
is in the first quadrant and lies on the line x — y— 1 = 0. Prove that its 
equation is x? + y? — 6x —4y+9=0. (JMB, part] 
If P(x,, y,) is a point outside the circle x? + y? + 2gx + 2fy +c = 0 show 
that the length of the tangent PT from P to the circle is given by 


PT? = x,7 + y,? + 29x, + 2fy, + 


Two circles have centres A(1, 3) and B(6, 8) and intersect at C(2, 6) and 
D. Find the equation of each of the circles and that of the line CD. The 
tangents to the circles from a point P are of equal length. Verify that 
P lies on CD. [JMB] 
Find the equation of the circle which has as the ends of a diameter 
the points where the line x — y = 1 meets the locus x? + 2y? — 4x —4y + 
4=0. [Hint: show that the equation (19.5) can be written x? + y? — 
x(x; + X2)— y(yi + Y2) + X1X%2 + Yi: Y2 = 0 and remember that the sum of 
the roots of a quadratic equation equal ‘—b/a’ and the product ‘c/a’.] 

The circles whose equations are x? + y?—x+6y+7=Oand x? + y?+ 
2x + 2y — 2 =0 intersect at the points A and B. Find (i) the equation of 
the line AB, (ii) the co-ordinates of A and B. Show that the two given 
circles intersect at right angles and obtain the equation of the circle which 
passes through A and B and which also passes through the centres of 
the two circles. [AEB] 
Prove that the circles x? + y? — 20x —14y+ 113 =0 and 4x? + 4y? + 
16x — 16y — 49 = 0 lie entirely outside each other and find the length of 
the shortest distance from a point on one circle to a point on the other. 
Prove that the circles x? + y* — 10x — 8y — 59 = 0 and x? + y? — 16x — 
16y + 119 = 0 lie one entirely inside the other and find the length of the 
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shortest distance from a point on one circle to a point on the other. 
20 Prove that the circle which has as a diameter the common chord of 
the two circles x? + y? — 14x — 6y + 33 =0, x? + y? + 2x —6y— 15 =0 
touches the axes of co-ordinates. 
The line joining the points (x,, y,) and (x2, yz) is a diameter of a circle. 
Show that the equation of the circle is 


2 


— 


(x — x4)(x — x2) + (y— yi)(y — Y2) = 0 


The points A, B and C have co-ordinates (0, — 14), (—5, 1) and (7, —5) 
respectively. The perpendicular from A to BC meets BC at L. Find 
(i) the equation of the circle through A, L and C, (ji) the ratio 
AALC: AALB. Find also, without using tables, the tangent of the angle 
between the line BC and the tangent at L to the circle through A, L and C. 

[AEB] 

22 The two circles x? + y? + 2Ax +3 =0 and x? + y? + 2Ay —3 =0 have 
centres C, and C, respectively. If P is one of their points of intersection 
show that C,C,? = C,P? + C,P? for all values of 2. 

23 The equations of the sides of a triangle are x + y—4 = 0, x -y-—4=0, 
2x+y—5=0. Prove that for all numerical values of p and q the 
equation p(x + y — 42x + y— 5) + q(x — y — 42x + y—S) = (x -—y —4) 
x (x + y—4) represents a curve passing through the vertices of this 
triangle. 

Find the values of p and q which make this curve a circle and so 
determine the centre and radius of the circumcircle of the triangle. 
[JMB] 

24 A circle with centre at the point P(h, k) touches the y-axis, and passes 
through the point S(2, 0). Show that P lies on the curve y* = 4x — 4, and 
sketch this curve. Show that the straight line joining P(h, k) to the point 
Q(2 + h, 0) cuts the curve y? = 4x — 4 at right angles at P. (LU] 

25 Find the equation of the circle circumscribing the triangle whose sides are 
x = 0, y=0, Ix +my =1. If 1 and m can vary so that 1? + m? = 41?m? 
find the locus of the centre of the circle. (Hint: if x + my = 1 meets the 
axes at P, Q then PQ is a diameter of the required circle. ] 

26 Prove that the circles x? + y? + 2x —8y+8 =0 and x?+ y?+ 10x — 
2y + 22 = 0 touch one another. Find (i) the point of contact, (ii) the 
equation to the common tangent at this point and (ili) the area of the 
triangle enclosed by this common tangent, the line of centres and the y-axis. 

[LU] 

27 Find the co-ordinates of the centre and the radius of the circle x? + y? — 
4x —2y+4=0. Find the equations of the tangents to this circle from 
the origin. Show that the line 5x + 12y = 35 is a tangent to the circle 
and find the co-ordinates of the centre of the circle which is the reflection 
of the given circle in this line. [JMB] 

28 Two circles, C, and C,, have equations x? + y? — 4x — 8y —5 =0 and 
x? + y? — 6x — 10y + 9 = 0, respectively. Find the x co-ordinates of the 
points P and Q at which the line y = 0 cuts C,, and show that this line 
touches C,. Find the tangent of the acute angle made by the line y = 0 
with the tangents to C, at P and Q. Show that, for all values of the 
constant A, the circle Cy whose equation is 
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A(x? + y? — 4x —8y —5) +x? + y?-6x— 10y+9=0 


passes through the points of intersection of C, and C,. Find the two 
possible values of 4 for which the line y = 0 is a tangent to C,. [JMB] 

29 Find the condition that the two circles x? + y? + 29,x + 2fyy +c, =0, 
x? + y? + 2g,x + 2f2y +c, = 0 may touch, and prove that, if they touch, 
the point of contact lies on each of the lines 


2(91 — 92)x + 2h, —fa)y +e, —c2 = 0 
(f: —fa)x —(91 — G2)¥ + fig2—fagi: =9 


30 Find the equation of the circle with centre at the point (2, 3) and radius 5. 
Find the equation of the tangent at the point (5, 7) and verify that it is 
parallel to the diameter through the point (—2, 6). Write down the 
co-ordinates of the point of contact of the other tangent parallel to this 
diameter. [JMB] 


20 
The parabola, ellipse and hyperbola 


20.1 Introduction 


The locus of a point P(x, y) which moves so that the ratio of its distance 
from a fixed point S (the focus) to its distance from a fixed straight line ZQ 
(the directrix) is a constant (e, called the eccentricity), has different forms 
according to the value of e. The locus is known as a parabola when e = 1, 
an ellipse when e < 1 and a hyperbola when e > 1. We shall see in the sections 
that follow that each of these is given by a second-degree equation in x and y. 


20.2 The parabola (e = 1) 


Let SZ be the line through the focus perpendicular to the directrix ZQ 
(see Figure 20.1). 





Figure 20.1 


By definition, the locus passes through the point midway between S and Z. 
The form of the equation of the locus depends on the choice of axes. The 
simplest form of the equation is obtained by taking the origin O as the point 
midway between S and Z and axes perpendicular and parallel to ZQ. 

Let SO = OZ =a referred to these axes. The focus S is the point (a, 0) 
and the directrix ZQ is the line x = —a. If P(x, y) is any point on the locus, 
PS = PM; therefore 
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JS U(x — a)? + y7] =x+a 
(x — a)? + y? =(x +)? 
which gives 
y? = 4ax (20.1) 


This is the simplest form of the equation of a parabola and is obtained because 
of our choice of axes. 

To trace the parabola (assuming a > 0), we first observe that y is not defined 
if x is negative, so that the curve lies wholly to the right of the origin. Since 
we can rewrite the equation y = +2,/ax, the curve is symmetrical about 
Ox, which is often referred to as the axis of the parabola. If x is zero, y? = 0, 
showing that the y-axis meets the curve in two coincident points at (0, 0), 
known as the vertex. Hence the y-axis is the tangent at the vertex. The general 
shape is shown in Figure 20.1. 

The double ordinate LSL’ through the focus is known as the latus rectum. 
Since the abscissa of the point L is x = a, we find, by substitution in (20.1), 
that the ordinate LS has length 2a. Hence 


LSL’ = 2LS = 4a (20.2) 








Figure 20.2 


Example 1 Find the equation of the parabola with focus (5, 4) and directrix 
x= 3. 
Refer to Figure 20.2. Let P(X, Y) be any point on the parabola, then P 
is equidistant from the focus and the directrix. Hence 
SP = PM = PN— MN 
JVU(X — 5)? +(¥-4)?] = X -3 
(X — 5)? +(¥ — 4)? = (X — 3)? 
X?—10X +254+ Y?-8Y+ 16 = X*-6X +9 
Y?-8Y-—4X +32=0 
The required equation is thus 
y? — By — 4x + 32 =0 
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This may be rewritten 
(y — 4)? = 4(x— 4) 
Referring to Figure 20.2, the vertex V is the point (4, 4). If the origin of 


co-ordinates is moved to this point, the equation becomes y? = 4x, which 
is the same as (20.1) with a = 1. 


Example 2_ Find the equation of the parabola with focus (—3, 2) and directrix 
x—y+1=0. 








Figure 20.3 


Let P(X, Y) be any point on the parabola (see Figure 20.3). Then P is 
equidistant from the focus and the directrix. Hence 


SP = PM 
X-Y+1 
JUX + 3)? +(¥—27] =2 7 Fe 
2 
™X?74+6X +94 ¥Y?-4Y¥4+4) = X2-—2XY4+ ¥74+2X -2Y4+1 
that is 


(see (17.5) and (18.20)) 


X?742XY+ Y?2 + 10X —6Y+25=0 
Hence the required equation is 
x? + 2xy + y? + 10x —6y + 25 =0 


To reduce this equation to its simplest form (see (20.1)), we should need 
to change the origin and rotate the axes. The latter is beyond the scope of 
this book. 


Example 3 A telephone wire hangs from two points P, Q 60 m apart. 
P, Q are on the same level. The mid-point of the telephone wire is 3 m below 
the level of PQ. Assuming that it hangs in the form of a parabola’, find its 
equation. 


* The true shape of the hanging wire is a catenary but its approximation to a parabola is 
often of practical use. 
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y 
P 30m > Q 
Ai x 
Figure 20.4 


With axes as shown in Figure 20.4, the required equation is of the form 
x? = 4ay. 
The point Q has co-ordinates (30, 3) and lies on the curve, so that 


307? =4xax3 
therefore 
7s=a 


The required equation is thus x? = 300y. 


20.3 The equations of the tangent and normal at the point 
(x,, ¥;) on the parabola y” = 4ax 


Differentiating the equation of the parabola with respect to x, we have 


2y 2 = 4a 


Hence the gradient of the tangent at the point (x,, y,)is 2a/y, and the equation 
of the tangent is 


2 
(y—y1) = (x — x1) 
V1 


or 
YY1 — 1? = 2ax — 2ax, 
However, since (x,, y,) lies on the curve, y,? = 4ax,. Hence 
yy, — 4ax, = 2ax — 2ax, 
and the required equation is 
yy, = 2a(x + x,) (20. 3) 


It should be noted that the equation of the tangent can be obtained from 
the original equation of the parabola by replacing y? by yy, and 4ax by 
2a(x + x,). This is a similar rule to the one used for a tangent to a circle 
(see Section 19.3). 

The normal to a curve at a point is the line passing through the point 
and perpendicular to the tangent at the point. Hence, since the slope of the 
tangent is 2a/y, (see (20.3)), the slope of the normal is —y,/2a. Hence the 
equation of the normal is 
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J. 
Yaa, FF (20.4) 


Example | Find the equations of the tangents to the parabola y? = 48x at 
the points (3, 12), (48, —48). Show that these tangents are at right angles 
and find their point of intersection. 

Here 4a = 48, therefore a = 12. For the tangent at the point (3, 12), x, = 3, 
y, = 12. Hence substituting in (20.3), we have 


y x 12 = 24(x + 3) 
y=2x+6 (i) 


Similarly for the tangent at the point (48, — 48) 


y(—48) = 24(x + 48) 
y= —4x-24 (ii) 


From (i) and (ii), the slopes of the tangents are 2 and — 4 and the product 
of these is — 1. Hence by (18.15), the tangents are at right angles. 
From (i) and (ii), at the point of intersection 


2x+6=y= —5x—24 
4x+12= —x— 48 
x=-12 and y=—-18 


Note that, since a = 12, x = —12 is the equation of the directrix and this 
point lies on the directrix. 


Exercises 20a 


1 Sketch the following parabolas showing foci and directrices: (i) y? = 8x, 
(ii) y? = —24x, (iii) x? = — y, (iv) x? = 12y, (v) 3y? + 8x =0. 

2 The parabola y? = 4ax passes through the point (2, —4). Find the co- 
ordinates of the focus. 

3 A rod rests on two horizontal supports 12 m apart and the maximum 
sag is 0.1 m. If the supports are at the same level and the rod is in the shape 
of a parabola find its equation in its simplest form. 

4 Find the equations of the tangent and normal (i) to the parabola y? = 4x 
at the point (1, 2), (ii) to the parabola x? = — 12y at the point (—6, — 3). 

5 The normal to the parabola y? = 12x at the point (3, 6) is produced to 
meet the curve again at the point Q. Find the co-ordinates of Q. 

6 Find the equations of the parabolas with the following foci and directrices: 
(i) focus (2, 1), directrix x = — 3;(ii)focus(0,0), directrix x + y = 4; (iii) focus 
(—2, —3), directrix 3x + 4y —3 =0. 

7 The normal at a point P(2, 4) on the parabola y? = 8x meets the axis 
of x at G. N is the foot of the perpendicular from P to the axis. Prove that 
NG = 4 units. 

8 PSQ isa chord of the parabola y? = 24x. S is the focus and P is the point 
(3, 6). Find the co-ordinates of the point Q, and show that the tangents at 
P and Q are at right angles. 

9 A circle with centre (3, 0) and radius 6 units meets the parabola y? = 12x 
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at the points P, Q. Prove that the tangents to the parabola at P and Q meet 
on the circle. 

10 The tangent to the parabola x? = 8yat the point P(12, 18) meets the tangent 
at the vertex at the point V. If S is the focus, prove that SV and VP are 
perpendicular. 


20.4 The points of intersection of the line y = mx +c and the 
parabola y” = 4ax 
In order to find the points of intersection, we solve the two equations 
simultaneously. 
From y = mx +c and y? = 4ax, we have 
(mx + c)* = 4ax 

or 

m?x? + 2(mc — 2a)x +c? =0 (20.5) 
The discriminant of this quadratic equation is 

[2(mc — 2a)]? — 4m?2c? 
or 
8a? — 8amc = 8a(a — mc) 


Thus the quadratic equation (20.5) has real, equal or complex roots according 
as 8a? — 8amc is greater than, equal to or less than zero. 

Thus if c <a/m, the line meets the parabola in real points; if c > a/m, the 
line does not meet the parabola; if c = a/m, the line touches the parabola. 
Thus 


y=mx+ - (20.6) 


touches the parabola y? = 4ax for all values of m. 


Example 1 Find the equation of the tangent to the parabola y? = —12x 
which is parallel to the line y+ x = S. 

Since the tangent is parallel to the line y+ x = 5, it has the same slope 
as this line. Hence m = —1. And since y? = —12x is the equation of the para- 
bola, 4a = —12, therefore a = —3. Substituting for a and m in (20.6), the 
required equation is 

—3 
y=(-Ix+ es 
that is 
ytx=3 


Example 2 Show that the point of intersection of two perpendicular tangents 
to a parabola always lies on the directrix. 

Let the equation of the parabola be y? = 4ax. Then the line y = mx + a/m 
is always a tangent. If in place of m we write —1/m, then the line 
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y = —x/m — am is also a tangent and is perpendicular to y = mx + a/m. By 
subtraction, the abscissa of the point of intersection of these two tangents 


is given by 
1 
(ms +2) —(—Ex— am) =0 
m m 


m+—)x+al{—+m]=0 
m m 


that is by x + a = 0 and this is the equation of the directrix. 


Example 3 Find the equations of the tangents from the point (2, 4) to the 
parabola y? = 6x. 

The equation of the parabola is y? = 6x, hence 4a = 6, ie. a = 3. Hence 
any tangent to the parabola is of the form y = mx + 3/2m. This tangent passes 
through the point (2, 4) if 4 = 2m + 3/2m, that is 

4m? — 8m +3 =0 
(2m — 1)(2m — 3) = 0 
m=%4 or 3 


Therefore, the tangents from the point (2, 4) are 


3 

y=4x+2 ie. 2y=x+6 
2 
3 

y=3x+ > ie 2y=3x42 
2 


Exercises 20b 


1 The tangent to a parabola at any point P meets the directrix at R. If S 
is the focus, prove that < RSP is a right angle. 

2 The tangent to a parabola at any point P meets the axis of the parabola 
at T. PN is drawn perpendicular to the axis to meet it at N and V is the 
vertex. Prove that TV = VN. 

3 P is any point on a parabola whose focus is S. PM is drawn parallel to 
the axis of the parabola. Prove that the tangent at P bisects 7 SPM. 

4 Showthat the equations ofthe tangents from the point (4, 6) to the parabola 
y? = 5x are 4y = 5x +4 and 4y = x + 20. 

5 A point source of light is placed at the focus of a parabolic mirror. Show 
that all the rays will be reflected parallel to the axis of the parabola. 


20.5 Parametric equations of the parabola 
For all values of t, the equation y? = 4ax is always satisfied by 
x = at? y = 2at (20.7) 


These are known as the parametric equations of the parabola. (at?, 2at) 
can be used as a general point on the parabola y? = 4ax; t has any value. 
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Figure 20.5 


Substituting the co-ordinates of the general point (at?, 2at) in (20.3), we 
have 
y.2at = 2a(x + at”) 
ty=x+at? (20.8) 
which is the equation of the tangent at (at ?, 2at). Also 


at 
(x — at?) 





y—2at = 


that is 
y+tx = 2at + at? (20.9) 
is the equation of the normal at (at, 2at). 


Example 1 Sketch the parabola whose parametric equations are x = 5t?, 
y= 100. 

This example can be done immediately by eliminating t and obtaining the 
cartesian equation of the curve, y? = 20x. However, to illustrate the method 
of sketching from parametric equations we proceed as follows. 

We let t have the values —5, —4,..., +5 and find the corresponding values 
of x and y from the given equations. Thus we can construct the following 
table. 








t 5 4 3 2 1 0 1 2 3 4 5 
x 125 80 45 20 5 0 5 20 45 80 125 
y —50 -40 -30 -20 —-10 0 10 20 30 40 50 





The last two lines of the table enable us to plot the points and hence sketch 
the curve (Figure 20.5). 


Example 2. The tangent to the parabola y? = 4ax at the point P meets the 
directrix at Q. M is the mid-point of PQ. Find the co-ordinates of M in terms 
of the parameter of the point P and the locus of M as P moves on the parabola. 

Referring to Figure 20.6, let P be the point (ap, 2ap). Then by (20.8) the 
equation of the tangent at P is 


x 
y=—+ap 
Pp 
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Therefore, Q has co-ordinates 


—a 
( —a,—+ en) 
P 
and so M has co-ordinates 


a a 1 
ai) 


If M is the point (X, Y), we have 


x ="(p?-1) and Y= 5( 2 -) 


2 


We obtain the locus of M by eliminating p from these equations. 





Figure 20.6 


Thus we have 
p? = (2X +a)/a 


therefore 











6X + 3a ) 
‘al a = ze NON E20) g 
a) (es ~ 2x +a" 
a 


The locus of M thus has the equation 
2y,/(2x + a) = (6x + 2a),/a 
that is 
y? (2x + a) = a(3x +a)? 


Example 3 PSP’ is a focal chord of a parabola, S the focus. If P is the point 
(at?, 2at), find the point P’ and hence show that the tangents at P and P’ 
are at right angles. 

Since P is the point (at?, 2at), the cartesian equation of the curve is y? = 4ax. 
Hence S is the point (a, 0). 
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Figure 20.7 


Let P’ be the point (at’?, 2at’). Since PSP’ is a straight line (see Figure 
20.7), the slopes of PS and SP’ are the same. Therefore 


2at —2at’ 
at*—a_ a—at” 
2a*t — 2a*tt’? = —2a?t't? + 2a2t' 


Simplifying, we have 


t—t'=tt’?—t't? 
(t—t’) =tt'(t’—t) 


Since t # t’ 


Therefore, P’ is the point (a/t?, —2a/t). 

From (20.8) the slope of the tangent at P(at?, 2at) is 1/t. Hence the slope 
of the tangent at P’ is 1/(—1/t), ie. —t, and the product of these two slopes 
is —1. Hence the tangents at P, P’ are at right angles. 


Exercises 20c 


1 Sketch the following parabolas: (i) x = t?, y = 2t, (ii) x = 10r, y = St? — 3, 
(iii) x = 36° +4, y = — 61, (iv) x = —8t—-2, y = 4t7 41. 

2 Find the length of the latus rectum of the parabola 4x = t?, 2y = t. 

3 Find the equations of the tangent and normal at any point on the parabola 
x = 6t, y = 3°. 

4 Show that the point of intersection P of the tangents at the points A (at,?, 
2at,), B(at,?, 2at,) on the parabola y? = 4ax has co-ordinates X = at,t, 
Y = a(t, + ¢2). If t; —t, = 3, find the locus of P as A and B vary. 

5 The normal at any point P on the parabola y? = 12x meets the axis of 
the parabola at G. Show that the co-ordinates of M, the mid-point of PG, 
are (3+ 37, 3t). Hence show that the locus of M as P moves round the 
parabola is y? = 3x — 9. 
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Exercises 20d 


1 


“a 


\o 


10 


A point moves in such a way that its distance from the point S(5, 12) 
is always equal to its perpendicular distance from the line y = 13. Show 
that the equation of its locus takes the form y = ax — bx? and find the 
constants a, b. 

Show that the curve passes through the origin O; find the equation of the 
tangent at that point; and show that the tangent bisects the angle between 
OS and the positive direction of the y-axis. [WJC] 
Obtain the equation of the normal to the parabola y* = 4ax at the point 
(at, 2at). The normal at a point P makes an angle of 60° with the x-axis 
and meets the parabola again at the point Q. Show that PQ = 32a/3. 
Prove that the line ax + by+c+A(a’x+b'y +c) =0 is a tangent to 
the parabola y? = 4x if A?(a’c’ — b'*) + A(ac’ + a’c — 2bb’) + ac — b? = 0. 
Hence, or otherwise, find the equations of the two tangents to the parabola 
y” = 4x which pass through the intersection of the lines x — y+ 1 = 0, 
2x + 3y—S5=0. 

The points P, Q on the parabola y? = 4ax have co-ordinates (ap?, 2ap), 
(aq, 2aq) respectively. Show that if PQ passes through the focus (a, 0) 
of the parabola, then pg = — 1. Express the co-ordinates of the mid-point 
M of the chord PQ as functions of pq and p + q, and find the equation of 
the locus of the mid-points M of all focal chords. Show that the locus 
is another parabola and state the co-ordinates of its vertex and focus. Give 
on one diagram a rough sketch of this locus and of the given parabola. 
[JMB] 
Prove that the equation of the chord joining the points (at,*, 2at,), 
(at,, 2at,) on the parabola y? = 4ax is y(t, +t,) — 2x = 2at,t,.A variable 
chord of this parabola always passes through the point (4a, 0). Snow that 
the locus of the middle point of the chord is the parabola y? = 2a(x — 4a). 
The tangent and normal at P(at?, 2at), a point on the parabola y? = 4ax, 
meet the x-axis at T and G respectively. Prove that P, T and G are 
equidistant from the point (a, 0). Hence prove that the tangent at P to the 
parabola is inclined to the tangent at P to the circle through P, T and G at 
an angle tan7't. [LU] 
The chord joining two variable points A, B on a parabola always passes 
through a fixed point on the axis. Show that the locus of the point-of 
intersection of the normals at A and B is another parabola. 
The parabolas y? = 4x and (y+ 4)? = —4(x — 44? — 2) meet at the 
points A and B. Show that the iine AB passes through the focus of the 
first parabola for all values of A. 
The line y = k(x — 2) meets the parabola y? = — 8x in the two points P 
and Q. Find the co-ordinates of the mid-point M of PQ in terms of k. 
Hence show that as k varies M lies on the parabola y? = 4(2 — x). 
Prove that, in a parabola, the portion of any tangent between the point 
of contact and the axis of the curve is bisected by the tangent at the vertex. 
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20.6 The ellipse (e < 1) 


We recall that S is the focus and ZQ the directrix. If P(x, y) is any point 
on the curve and PM is perpendicular to ZQ, then 


SP = ePM 


Take Z'SZ perpendicular to the directrix ZQ (see Figure 20.8). Let the points 
A, A’ divide SZ internally and externally in the ratio e:1. Thus A, A’ are 
points on the ellipse. 
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Figure 20.8 






The form of the equation, like the parabola, depends on the choice of axes. 
The simplest form is obtained by taking the origin O as the mid-point of 
AA’ and axes perpendicular and parallel to AA’. 

Let AA’ = 2a, then OA = OA’ = a. Since A, A’ are points on the locus, 
by definition, SA = eAZ, SA’ = eA’Z. Hence 

SA’ — SA = e(A’Z — AZ) = eAA’ 
that is 
(OS + OA’) — (OA — OS) = 2ae 
20S = 2ae (OA = OA’) 
OS = ae (20.10) 


Thus the focus S is the point (—ae, 0). Also 
SA’ + SA = e(A’Z + AZ) 
that is 


AA’ =e[(OA’ + OZ) + (OZ — OA)] 
2a =2eOZ (OA’= OA) 
OZ =a/e (20.11) 
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Thus the directrix ZQ is the line x = —a/e. Now PS =ePM, hence 


Axe 
(x + ae)? + y? -¢(x+2) 
x? + 2aex + a*e? + y? = e?x? + 2aex +a? 
x?(1 —e?) + y? = a?(1 — e?) 
that is 


2 2 


x y 
= + 
a’ a*(1 — e?) 


and writing 
b? = a*(1 — e?) (20.12) 
the equation becomes 
x2 y? 
Pe oe (20. 13) 
To trace the ellipse we note that, since only even powers of both x and 


y occur in the equation, the curve is symmetrical about both axes. 
Also, since the equation can be rewritten 


or 
x2 
v=o (1-5) then -a<x<a 
a 


The symmetry of the curve enables us to deduce the existence of a second 
focus S‘(ae, 0) and a second directrix Z’Q’(x = a/e). 
To summarise, the curve 
2 
x y 
rae ae 
is an ellipse of eccentricity e <1 given by the equation b? = a?(1 — e?). The 
foci are the points (+ae, 0), the directrices the lines x = t+a/e. AA’ = 2a is 
the major axis, BB’ = 2b is the minor axis, and O is the centre of the ellipse. 
The chord LS'L’ through S’ perpendicular to the major axis is known as 
the latus rectum. 


Example 1 Find (i) the eccentricity, (ii) the co-ordinates of the foci, (iii) the 
equations of the directrices of the ellipse x?/25 + y?/16 = 1. 

(i) Comparing the given equation with (20.13), we have a = 5, b = 4. Substi- 
tuting in (20.12), we obtain 


16 = 25(1 —e2) 
25e? =9 


e=3 
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(ii) The co-ordinates of the foci are (+ae, 0), that is (+3, 0). 
(iii) The equations of the directrices are x = +a/e, that is x = +4). 


Example 2 Show that the length of the latus rectum of the ellipse 
x?/a? + y?/b? = 1 is 2b?/a. 

Referring to Figure 20.8, the latus rectum is the line through the focus S’ (ae, 
0) perpendicular to the major axis AA’. Hence its equation is x = ae. The 
ordinate of the point L(LS’) is therefore obtained by solving the two equations 





x2 y? 
x = ae aip! 
Thus 
“ie 2 
eee 
a b 
y? = b*(1 —e?) 


Now LS’ = y=b,/(1—e?) and from (20.12) \/(1—e?) = b/a, therefore 
LS’ = b?/a and so the latus rectum 2LS’ = 2b?/a. 
Exercises 20e 


Find (i) the eccentricities, (ii) the co-ordinates of the foci, (iii) the equations 
of the directrices, (iv) the areas* and (v) sketch the ellipses: 








x? y x? y? 
fe Ba sha 

100 * 64 2a im! 

4x? 4y? x? y? 

piacere! SORE pa facie eee 
: 25 9 Gr a : 

(x—1)? (y+2)? 
2 2. = 

§ 2x*+ y* =2 6 75 + 16 1 


7 Find the length of the latus rectum of the ellipse x?/169 + y?/144 = 1. 
Hence find the co-ordinates of the four points in which the latera recta 
meet the ellipse. Verify that these co-ordinates satisfy the equation of the 
ellipse. 

8 Find the equation of the ellipse which has the co-ordinate axes as its 
principal axes and passes through the points (—1, 3), (2, — 1). Find also 
its eccentricity. 

9 An ellipse has eccentricity e = §. Its foci are the points (0, +4). Find 
the lengths of its semi-major and semi-minor axes and hence write down 
its equation. 

10 An ellipse of eccentricity } has the points (3, 2), (7, 2) as foci. Find the 
lengths of the major and minor axes, the equations of the directrices, the 
co-ordinates of its centre, and the equation of the curve. 


a 4b a 
* Area of ellipse = sf ydx = | J (a? — x?)dx = nab. Verify this result. 
0 4Jo 
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20.7 The equations of the tangent and normal at the point (x,,y,) 
on the ellipse x?/a? + y?/b? = 1 
Differentiating the equation of the ellipse with respect to x 
2x, 2y dy | 


we Bde 


Hence the gradient of the tangent at the point (x,, y,) is —b?x,/a?y,, and 
the equation of the tangent is 





—b?x, 
y-V 3 (x — x1) 
ay, 
Yr Yi2_ —xxX,  x,? 


b? sb? a? * a? 





that is 


2 2 
YV1 XX XM J 
b> a? qt? i? 





or, since (x,, y;) lies on the ellipse, 


weed (20.14) 


b? a? 


We again note that the equation of the tangent is obtained from the equation 
of the curve by replacing x? by xx, and y? by yy. 

Since the normal is perpendicular to the tangent and passes through (x,, y;), 
its equation is : 


a’y 
(y-y) ==" (-x 
1 bx, 1) 
or 
JSD ee ek (20.15) 


Example 1 Find the equation of the tangent and normal to the ellipse 
3x? + 14y? = 138 at the point (—2, 3). 
The equation of the tangent is by (20.14) 
3x(—2) + 14y(3) = 138 
that is 
Ty—x = 23 


To find the equation of the normal, instead of finding ‘a’ and ‘b’ and using 
(20.15) we can proceed as follows. 

The slope of the tangent is +4, hence the slope of the normal is —7. Since 
the normal also passes through the point (—2, 3), its equation is 


(y — 3) = —7(x + 2) 
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that is 
y+7x+11=0 


20.8 The points of intersection of the line y = mx +c and the 
ellipse x?/a? + y?/b? = 1 
In order to find the points of intersection, we solve the two equations 
simultaneously. Substituting y = mx + in x?/a? + y?/b? = 1, we have 
x? (mx +c)? © 7 
a? be 
or 
x?(a?m? + b?) + 2cma?x + a?(c? — b?) = 0 (20.16) 
The discriminant of this quadratic is 
(2cma*)? — 4[a?(c? — b?)(a?m? + b?)] or 4a?7b?(b? + a2m? — c?) 


Thus the quadratic (20.16) has real, equal or complex roots according as c? 
is less than, equal to, or greater than b? + a?m?. 
If c? = a?m? + b?, the line is a tangent to the ellipse; thus the lines 


y=mx + /(a’m? + b?) (20.17) 
always touch the ellipse. 


Example 1 Find the equations of the tangents to the ellipse x? + 2y? = 19 
which are parallel to the line x + 6y = 5. 

Since the tangents are parallel to the line they have the same slope as 
the line, that is m= —%; hence by (20.17) the required equations are 


y= bet Vlas + 8 


Rewriting the given equation of the ellipse in the form x?/19 + y?/4? = 1, 


we have a*=19, b?='?. Hence the equations of the tangents are 


y= xtJ(19-36+ 2 
=-bkt¥ 
that is 
6y+x=4+19 


Example 2 The pair of tangents from the point P to the ellipse x?/a? 
+ y?/b? = 1 are always at right angles. Show that the locus of P is the circle 
x? +y? = a? + b?. 

The line y = mx + ,/(a’m? + b) is always a tangent to the given ellipse. 
This line passes through a point P(X, Y) if 


Y = mX + /(a?m? + b?) 


Since X, Y, a, b are given, this is a quadratic equation in m giving the slopes 
of the two tangents from P to the ellipse. This quadratic equation can be 
written in the form 


(Y —mX)? = a?m? + b? 
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that is 
m?(X?2 — a?) —2mXY +(Y? —b?) = 0 


The two tangents are at right angles if their slopes are m and —1/m, that 
is if the product of their slopes is —1. Thus for perpendicular tangents, the 
product of the roots of this equation must be — 1. So the required condition is 


y?_ p? 


X2— @ = 





that is 
X?4Y? =a? +b? 


which is the condition for the point P(X, Y) to lie on the circle x? + y? 
= a* + b’, which is known as the director circle of the ellipse. 


Exercises 20f 


Find the equations of the tangents and normals to the following ellipses at 
the points stated: 

1 3x? + 2y? = 30, (2, 3) 

2 4x? + Sy? = 24, (1, 2) 

3 a?x? + b?y? = 2a7b?, (—5, a) 

Write down the equations of the tangents to the following ellipses, with the 
given gradients: 

4 x?/3 + y?/2 = 1, gradient 2 

5 x2 + 2y* = 8, gradient 2 

6 4x? + Sy? = 20, gradient 3 

7 Show that the pair of tangents from the point (3, 4) to the ellipse 
x?/16 + y?/9 = 1 are at right angles. 

8 The normals to the ellipse x? + 4y? = 100 at the points A(6, 4) and B(8, 3) 
meet at N. If P is the mid-point of AB and O is the origin, show that OP 
is perpendicular to ON. 

9 Show that the slopes of the tangents from the point (h, k) to the ellipse 
x?/a? + y?/b? = 1 are given by the quadratic equation 

m?(h? — a*) — 2mhk + (k? — b?) =0 [see Example 2] 
By considering the condition for these roots to be complex, show that 
(h, k) lies inside the ellipse if h?/a? + k?/b? — 1 is less than zero. 
10 Find the locus of a point P which moves so that the sum of its distances 


from two fixed points A and B 8 units apart is always 14 units. Take 
AB and its perpendicular bisector as the axes of x and y respectively. 


20.9 Parametric equations of an ellipse 
For all values of 6, the equation x?/a* + y?/b* = 1 is always satisfied by 
x =acos@ y= bsind (20.18) 


These are parametric equations of the ellipse. (acos 6, bsin 9) can be used 
as a general point on the ellipse x?/a? + y?/b” = 1. 0 is often referred to as 
the eccentric angle. 
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Example 1 Find the equations of the tangent and normal at any point on 
the ellipse x?/a? + y?/b? = 1. 

Any point on the ellipse is (acos 0, bsin 6). Hence by (20.14) the equation 
of the tangent is 





xacos es ybsinO _ 1 
a? be 
that is 





xcos@  ysin@ 
—— + =] 
a b 
The slope of the tangent is (—b/a)cot 0, hence the slope of the normal is 
(a/b) tan 6 and the equation of the normal is 
(y — bsin 6) = (a/b) tan 6(x — acos @) 
by cos @ — b*sin Ocos 6 = ax sin@ — a?sin@cos 6 
that is 
by cos 8 — ax sin 6 = (b? — a”)sin cos 0 
Example 2. IfS andS' are the foci of an ellipse and P any point on its circum- 
ference, show that SP + PS’ = 2a, where 2a is the length of the major axis. 
Let the equation of the ellipse be x?/a? + y?/b? = 1. 
Any point P on it has co-ordinates (a cos 0, b sin 0) and the foci are S( — ae, 0), 
S‘(ae, 0). Hence 
SP? = (acos@ + ae)? + b? sin? 0 
= a’ cos? 6 + 2a7ecos 0 + a*e? + a2(1 — e”) sin? 0 
a’ (cos? 6 + sin? 6) + 2a7e cos 6 + a7e?(1 — sin? 6) 
= a* + 2a’ecos@ + a*e? cos” 6 
= a?(1 + ecos 6)? 


Hence 
SP = a(1 + ecos 6) (20. 19) 
Similarly, 
S’P = a(1l — ecos 6) (20.20) 
whence 
SP + S’P = 2a (20.21) 





Figure 20.9 
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Example 3 If PG is the normal at P, show that PG bisects the angle SPS’, 
where §, S’ are the foci (see Figure 20.9). 
Let P be the point (acos 0, bsin 6). By equation (20.15), the equation of PG is 


y—bsin@ x-—acosé 
bsin@/b2 ~— acos @/a? 
that is 


COS bsin 8) = mee — acos 6) 





a 
This meets the x-axis where y = 0, so that 


bcos @sin 0 7 sin 0 


eee ae sp & — 208 8) 
b? cos 0 
———— =x-—acos6 
a 
b? — 2 
~ ~ cos = x 





Therefore 
ae? cos@ =x (since b? = a*(1 —e)) 
Referring to Figure 20.9, 
SG = ae’ cos @ + ae 
S'G = ae — ae? cos0 
Hence 


SG 1+ecos@é SP 
9G based oP (from (20.19), (20.20)) 


Therefore, PG is the internal bisector of the angle SPS’. 


Exercises 20g 


1 Find the equation of the tangent at any point (acos 0, bsin 6) on an ellipse 
x?/a? + y?/b? = 1. Hence show that the equation of the normal can be 
written in the form 

ax by 


— 72 _ p2 
cos 0 sind 





2 Show that the equation of the line joining two points whose eccentric angles 
are 0 and ¢ is given by (x/a)cos3(0 + ¢) + (y/b)sin3(@ + ¢) = cos4(@ — ¢). 
Deduce the equation of the tangent at the point 0. 

3 PG, PN and PT are respectively the normal, the ordinate and the tangent 
at P any point on an ellipse. Also, if G, N, T are the points where they 
cut the major axis prove that (i) ON.OT = OA? and (ii) OG = e?ON 
(O is the origin). 

4 Q(—asin 6, bcos 6) and Q’(asin 6, — bcos 6) are any two points on an ellipse 
x?/a? + y?/b? = 1. Show that QQ’ passes through the origin. 
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5 Show that the tangents to the ellipse x?/a? + y?/b? = 1 at points whose 
eccentric angles differ by 90° meet on the ellipse x?/a? + y?/b? = 2. 


Exercises 20h 


1 Find the equation of the tangent to the ellipse 4x? + 9y? = 72 at the point 
(3, 2). Also find the equations of the tangent perpendicular to this one. 

2 The tangent at the point @ to the curve x = acos@, y = bsin 6 meets the 
x-axis at A and the y-axis at B. If O is the origin, find the minimum area 

of triangle AOB. 

3 In the preceding question, find the locus of the mid-point of AB. 

4 Plot the points on the curve given by the equations x = cost, y = cos 2t 
for the values 0°, 30°, 60°,..., 180° of t and sketch the curve. Prove that the 
distance of any point of the curve from the point (0, — 4) is the same 
as its distance from the line y = — 3. [LU] 

5 Show that, for every value of ¢, the point P(acos ¢@, bsin ¢) lies on the 
ellipse x?/a? + y?/b? = 1. Obtain the equation of the tangent at P in the 
form (x/a)cos ¢ + (y/b)sin @ = 1. If the tangent at P meets the axes in TT’ 
and the diameter through P meets the ellipse again at P’, show that 


tan TP’T’ = 20T.OT’/(a? + b? +OP?) (O being the origin) 
[WJC] 
6 (a) Find the equations of the tangents of gradient 5 to the ellipse 
x? + 6y? = 15. 

(b) If the normal at a variable point P on the ellipse x?/a? + y?/b? = 1 
meets the x-axis in Q, show that the locus of the mid-point of PQ is an 
ellipse concentric with the given ellipse. Find the eccentricity of this 
ellipse if that of the given ellipse is 3. [JMB] 

7 Show that the equation of the tangent to the ellipse x?/a? + y?/b? = 1 
at the point P(acos 9, b sin 6) is (x/a) cos 6 + (y/b) sin 8 = 1. If R, R’ are the 
feet of the perpendiculars from the foci S, S’ on to the tangent at P, prove 
that SR.S’R’ = b?. Show also that 


RR’ | a 
SS’ (a? + b? cot? 6) 


8 The tangent and normal at the point P(acos@, bsin@) on the ellipse 
x?/a? + y?/b? = 1 meet the axis of x at (x,, 0) and (x, 0) respectively. If 6 
is small show that x, = a + 3a6? approximately. Find a similar approxi- 
mation for x3. (JMB, part] 

9 A perpendicular is drawn, from the point (0, —b) on the ellipse x?/a? 
+ y’/b? = 1, to the tangent at any point P(acos@, bsin@) on the same 
ellipse. Write down an expression for the length of this perpendicular, 
and prove that the length has a stationary value when P is at either end 
of the minor axis, but has no other stationary value unless 2b? < a?. 

[LU] 

10 Find the equation of the normal to the ellipse x?/a? + y?/b? = 1 at the 

point P whose eccentric angle is 6. The tangent and normal at P cuts 

the y-axis at T and G respectively. Prove that the circle on TG as diameter 
passes through the foci. Find the centre and radius of this circle. 

(SUJB] 


[JMB] 
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20.10 The hyperbola (e > 1) 


We obtain the simplest equation of the hyperbola in a similar manner to 
that used in Section 20.6 to obtain the equation of the ellipse. Referring to 
Figure 20.10, S is the focus, ZQ the directrix, P(x, y) any point on the curve 
and PM is perpendicular to ZQ. 











Figure 20.10 


SZS’ is perpendicular to the directrix ZQ. A and A’ are the points dividing 
SZ internally and externally in the ratio e:1. Thus A, A’ are points on the 
hyperbola. O is the mid-point of AA’ and the axes are as shown in Figure 
20.10. Let AA’ = 2a. 

Following the method used for the ellipse, OS = ae, OZ = a/e; thus S is 
the point (— ae, 0) and ZQ is the line x = —a/e. 


PS = ePM 
(x + ae)? + y? = e*(x + a/e)? 
x? + 2aex + a2e? + y? = e?x? + 2aex +a? 
a?(e? — 1) = x?(e? — 1) — y? 


thus 


x? y? 


eo ee 


and writing b? = a?(e? — 1) the equation becomes 


xr oy 
as | E 
2B (20.22) 


2 2 

2: 

To trace the hyperbola, we note that only even powers of x and y occur 

in the equation. Hence the curve is symmetrical about both axes. Also by 

this symmetry, there is a second focus S’(ae, 0) and a second directrix x = a/e. 

Further, since the equation can be rewritten y?/b? = x?/a?—1 and the 

left-hand side is always positive, x?/a? — 1 must be positive, hence there is 

no part of the curve for values of x between +a and —a. On the other hand, 

since x?/a? = 1 + y?/b?, y can have all values. 

To summarise, the curve 

ve 


x 
a ees 
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is a hyperbola of eccentricity e(> 1) given by the equation 
b? = a?(e? — 1) (20.23) 


The foci are the points (+ae, 0), the directrices the lines x = +a/e; AA’ = 2a 
is the transverse axis and O is the centre. The chord LS’L’ through S’ per- 
pendicular to the major axis is the latus rectum. 


Example 1_ Find (i) the eccentricity, (ii) the co-ordinates of the foci, (iii) the 
equations of the directrices of the hyperbola x?/9 — var 16=1. 

(i) Comparing the equation with (20.22), we have a? = 9, b? = 16.\Substi- 
tuting in (20.23), 


16 = 9(e? — 1) 
25 = 9e? 
ine 
(ii) The co-ordinates of the foci are (+ae, 0), that is (+5 x 3, 0) or 


(+33, 0). 


(iii) The equations of the directrices are x = +a/e, that is x = +3. 


Exercises 20i 


Find (i) the eccentricities, (ii) the co-ordinates of the foci, (iii) the equation 
of the directrices and (iv) sketch the hyperbolae: 


1 x?/4—y?/23 =1 2 y?/9—x?/7=1 3 x7/4—- Ay?/33 =1 

4 56x?—25y?=1400 5 y?/2-x?=1 6 x? -—y? =25 

7 Find the length of the latus rectum of the hyperbola x?/9 — y?/7 = 1. 
Hence find the co-ordinates of the four points in which the latera recta 
meet the hyperbola. Verify that these co-ordinates satisfy the equation 
of the hyperbola. 

8 The foci of a hyperbola are the points (+7, 0). Find the equation of the 
curve if e = Z. If the eccentricity is unaltered but the foci are the points 
(0, +7), what is the equation? 

9 The centre of a hyperbola is at the origin and its transverse axis lies along 
the x-axis. Find the equation of the hyperbola if it passes through the 
points (6, 44) and (—5, 0). 

10 Referring to Figure 20.10, show that PS = ex + a and that PS’ = ex — a. 
Hence prove that the difference of the focal distances is constant and equal 
to the length of the transverse axis. [Hint: PS = ePM and PS’ = ePM’.] 
(See also Example 2 in Section 20.9 and Example 3 in Section 20.12.) 


20.11 Properties of the hyperbola x?/a? — y?/b? = 1 


Many of the results for the hyperbola can be obtained from the corresponding 
results for the ellipse by writing —b? in place of b?. 


(i) The equation of the tangent at the point (x,, y;) is 


= -s =1 (20.24) 
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(ii) The equation of the normal at the point (x,, y,) is 








yY-Y, _x-x 
ee = ar (20.25) 


(iii) The line y = mx +c meets the hyperbola in real, or coincident points 


or not at all, according as c? is greater than, equal to or less than 
Dy b2 


(iv) The lines 
y = mx + ,/(a*m? — b?) always touch the hyperbola (20.26) 


20.12 Parametric equations of the hyperbola x?/a? — y?/b? = 1 
The most usual forms of the parametric equations are 

x = asec y = btan@ (20.27) 
(See also Exercises 20), question 5.) 


Example ]_ Find the equations of the tangent and normal at any point on 
the hyperbola x?/a? — y?/b? = 1. 

Any point on the hyperbola is (asec6, btan@). Hence by (20.24), the 
equation of the tangent is 


xasecO ybtanO _ 


a B 








that is 
~ seco —» tang = 1 (20.28) 
a b 


The slope of this tangent is 
bsec 6 “ b 
atan@ asin@ 





Hence the equation of the normal is 
—asin@ 


5 (x — asec 8) 


(y — btan 8) = 


which reduces to 
ax sin 0 + by = (a? + b’) tan 0 (20.29) 
Example 2  P is any point on a hyperbola centre C. The normal at P meets 


the major axis at G and the ordinate at P meets the major axis at N. Prove 


that CG = e?CN. 
Let P be the point (asec 0, btan 6), as shown in Figure 20.11. CN is the 


abscissa of P and therefore 
CN = asec@ (i) 
From (20.29) the equation of PG is 
ax sin @ + by = (a? + b?)tan0 
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P(a sec 6,6 tan @) 


Figure 20.11 


G lies on the x-axis (y = 0) and therefore its abscissa is given by 


ax sin @ = (a? + b?)tan@ 











2 2 
cg =2 +b ea 6 
a sin 0 
2 b? 
ae = sec 8 (ii) 
a 
From (i) and (ii) 
CG _ a? + b? 
CN @ 
a? +a7(e? —-1 
a abet (see (20.23)) 
Therefore 
CG = e?CN 


Example 3 If P is any point on a hyperbola whose foci are S and S’, prove 
that S’P — SP is constant. 
Let P be the point (asec, btan@) on the hyperbola x?/a? — y?/b? = 1. 
The foci S’ and S are the points (—ae, 0) and (ae, 0) respectively. Thus 
SP? = (asec 0 — ae)? + b* tan? 
= a? sec” 0 — 2a7e sec 0 + a2e” + a? (e? — 1) (sec? 6 — 1) 
a? sec? 9 — 2a7e sec 0 + a2e? + ae? sec? 6 — a? sec? 6 — a2e? + a2 
a? — 2a7e sec 6 + a*e* sec? 0 
= a*(esec@ — 1)? 
Therefore 
SP = a(esec 0 — 1) 
(Since e > 1 and sec @ > 1, this cannot be 1 — esec@.) Similarly 
S’P = a(esec@ + 1) 


Therefore 
S’P — SP = 2a 
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Exercises 20j 


1 Find the equations of the tangent and normal to the hyperbola. 
9x? — 4y? = 36 at the point (4, 3./3). 

2 Show that the equation of the chord joining the points (asec 6, b tan 6) 
and (asec ¢, btan@) on the hyperbola x?/a? — y?/b? = 1 is 


cos 4(9 — o)— sin 4(0 + ¢) = cos3(0 + d) 


Deduce the equation of the tangent at the point (asec 6, btan 6). 

3 Show that the two tangents to the hyperbola x?/4 — y? = 1 which are 
parallel to the line y = 2x — 3 are a distance 2,/3 apart. 

4 Find the condition for the line Ix +my =n to touch the hyperbola 
x?/a? — y?/b? = 1. By writing +b? in place of —b?, deduce the condition 
for the same line to meet the ellipse x*/a? + y?/b? = 1. 


5 Show that the point 
a es 1\ b , 1 
2 ty 2 t 


always lies on the hyperbola x?/a? — y?/b? = 1 for all values of t. Derive 
the equation of the tangent at this point. 

6 P is any point on a hyperbola whose foci are S, S’. The tangent and 
normal at P meet the axis of the hyperbota at T and N respectively. Prove 
that PT, PN are the internal and external bisectors of the angle SPS’. 

7 The pair of tangents from the point P to the hyperbola x*/a? — y?/b? = 1 
are always at right angles. Show that the locus of P is the circle x? + y? 
= a? — b? (the director circle). [Hint: refer to Section 20.8, Example 2.] 

8 Show that the eccentricities e, and e, of the hyperbolas x?/a? — y?/b? = 1 
and —x?/a? + y?/b? = 1 satisfy the relation 1/e? + 1/e? = 1. 

9 Thetangentand ordinateat the point P on the hyperbola x?/a? — y?/b? = 1 
meet the x-axis at T and N respectively. If C is the centre of the hyperbola, 
show that CT.CN = a?. 

10 Find the equations and the points of contact of the tangents to the 
hyperbola 2x? — 3y? = 5 which are parallel to 8x = 9y. 


20.13 Asymptotes of the hyperbola x?/a? — y?/b? =1 


The definition of an asymptote is that it is a straight line which meets a curve 
in two points at infinity, but which is not altogether at infinity. 

The abscissae of the points of intersection of the line y = mx +c and the 
hyperbola x?/a? — y?/b? = 1 are given by the equation 


eae =1 
a? b? 
or, rearranged as a quadratic in 1/x, 
1 1 
a*(c? + b's + 2a’me— + (a?m? — b?) = 0 (20.30) 


This equation has two zero roots if both 2a?mc = 0 and a*m? — b? = 0. 
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That is, if m = +b/a and c = 0, the line y = mx +c meets the hyperbola in 
two points such that 1/x = 0. If 1/x =0, x is infinite, and thus 


b b 
y=+-x and y=-—-—-x (20.31) 
a a 
both meet the curve in two points at infinity and are thus the asymptotes. 


The lines both pass through the origin and are equally inclined to the 
x-axis at angles +arctan b/a. Their combined equation is 


that is 


(20.32) 








Figure 20.12 


Example 1 Show that any straight line parallel to an asymptote will meet 
the curve in one point at infinity and one finite point. 
Any line parallel to an asymptote has the equation 


b 
y= + +k (k #0) 
that is, its slope m = +b/a. 


Hence from equation (20.30) the abscissae of the points of intersection of 
the line with the hyperbola are given by 


1 1 
a? (k? +b?) + 2a'( 28 )e +0=0 
x a} x 
The roots of this equation are 
1 1 _  2bk 
xO and Fete 


that is, one value of x is infinite and, since k # 0, the other is finite. 


Example 2 P is any point on the hyperbola x?/a? — y?/b? = 1 and the 
tangent at P meets the asymptotes in A and B. Show that P is the mid-point 
of AB. 

Let P be the point (asec 6, btan 6). The tangent at P is (see 20.28) 
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~ secd—~ tan@ =1 (i) 
a b 
The combined equation of the asymptotes is 
5 a, i 
3 =0 (ii) 


From (i) 





Substituting (ii) 


x? x 2 
— 2 _ _— = 
5 — cot a(2 sec 0 ') 0 
2 


2 
(1 — cosec? 6) += cot? @sec 9 —cot?@ =0 


x? 2x 
——; cot? 6 +— cot? @sec 6 — cot? 6 =0 
a a 


that is 
2 
2 
ee pal secO+1=0 
a a 


which is a quadratic in x whose roots x,, x, are the abscissae of the points 
A and B. Now 





Xy+X2= 2 


oe 1 
a 
= 2asec 0 
that is 
3(x, + x2) = asecd 


which is the abscissa of the point P. 

Similarly, if x is eliminated from (i) and (ii), half the sum of the ordinates 
of A and B is equal to the ordinate of the point P. Hence P is the mid-point 
of AB. 


20.14 The rectangular hyperbola 


Ifthe asymptotes of a hyperbola are at right angles, it is known as a rectangular 
hyperbola. The asymptotes will each be inclined at 45° to the x-axis. Hence 
from equations (20.31) 


Qo 


and the equation of the hyperbola can be written 
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=1 


x?—y? =q? (20.33) 


Example 1 Show that the eccentricity of any rectangular hyperbola is ,/2. 
Any rectangular hyperbola has the equation 


Hence from (20.23) 
a? = a*(e? — 1) 
whence 


e=/2 


20.15 Parametric equations of xy = c? 


The equation xy = c? is always satisfied if 


where t¢ is a parameter. These are the parametric equations. (ct, c/t) is any 
point on the curve as ¢ varies. 


20.16 The tangent and normal at the point (ct, c/t) on the curve 


xyyzHec 
If xy = c?, then 
c? 
.= > 
x 
and so 
dye? 
dx x? 
Therefore, the gradient of the tangent at (ct, c/t) is —c?/c?t? = —1/t?. Hence 


the equation of the tangent is 


or 
t?7y+x =2et (20.35) 


The equation of the normal is 


(v-£) = t?(x—ct) 
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or 
ty—t3x =c—ct* (20.36) 
Example 1 Show that the equation of the tangent at the point (x,, y,) to 


the curve xy =c? can be written x,y + xy, = 2c?. Verify that this agrees 
with equation (20.35). 


xy =c? 
dy a 
dx x? 


2 


Hence at the point (x,, y,), the slope of the tangent is —c?/x,? and its 


equation is 
c2 
(y—yi)= == (x — Xx) 
xy 
Since the point lies on the curve, c? = x, y,. Hence 


yey — ee —%)) 
XV+YWyX = 2x1), 
that is 
Xyy+y,x = 2c? 
To verify that this agrees with equation (20.35), let x, = ctand y, = c/t, then 


c 
cty + ox = 2c? 


1 
ty + -x = 2c 


or 
t?y+x=2ct as in (20.35) 


Example 2 Find the co-ordinates of the vertices and the foci of the curve 
xy = 18, given that the equation of the rectangular hyperbola x? — y? = a? 
referred to its asymptotes as axes is 2xy = a?. 

Comparing the given equation with xy = 4a’, it follows that a= 6. 
Referring to Figure 20.13, we have OA = OA’ = 6. Also since the hyperbola 
is rectangular e = ,/2. Hence OS = OS’ = ae = 6,/2. Because SAOA’S’ is 


y 


Figure 20.13 
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inclined at 45° to the axes, it follows that A, A’ are the points (+ 3,/ 2,+ 3,/ 2) 
and S, S’ are the points (+6, +6). 


Exercises 20k 


1 Find the equations of the asymptotes and the co-ordinates of the vertices 
of the hyperbolae (i) x?/9 — y?/4 = 1 and (ii) —x?/9 + y?/4 = 1 and sketch 
the two curves on the same diagram. 

2 For what values of m does the line y = mx meet the hyperbola x?/a? 
— y?/b? = 1 in real and finite points? 

3 Find the cartesian form of the equations of the following loci and sketch 
the curves: 


4 1 
() x= 4, y=— (i) x= y= —— 


(ii) x= 143 y=> Gv) x=2e-L y= 241 


4 Find the equations of the tangents and normal at the point (4, 1) on the 
curve xy = 4. 

5 Show that the equation of the line joining the points P(t, 1/t) and Q(u, 1/u) 
on the rectangular hyperbola xy =1 is x+tuy =t+u. Deduce the 
equation of the tangent at P. 

6 Find the equations of the tangents to the rectangular hyperbolae x? — y? 
= 3, xy = 2 at their points of intersection. Hence show that the curves 
cut at right angles. 

7 Show that the normal to the hyperbola xy = c? at the point (cp, c/p) cuts 
the hyperbola again at the point (—c/p*, —cp*). 

8 Show that the tangents to the rectangular hyperbola x = ct, y = c/t at 
the points with parameters t, and t, meet at the point P(x, y), where 
x= Yo y= fat If t; = 1/t, find the locus of P. 

ty +t, tr +t, 

9 Find the equation of the tangents to the hyperbola x? — y? = 7 which 
are parallel to 3y = 4x and find their points of contact. Find the area of the 
triangle which one of these tangents makes with the asymptotes. 

10 Prove that the straight line 1x + my = n touches the rectangular hyperbola 
xy = c?, if n? = 4Imc?. Find the co-ordinates of the point of contact. 
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1 Find the locus of the mid-point of a straight line which moves so that it 
always cuts off a constant area k? from the corner of a square. 
2 Show that the equation of the chord joining the points P(cp, c/p), Q(cq, 
c/q) on the curve xy = c? is pqgy + x = c(p + q). Hence or otherwise find the 
equation of the tangent at P. Find the co-ordinates of the point of 
intersection T of the tangents at P, Q. If p and q vary so that the chord 
PQ passes through the point (a, 0), find the equation of the locus of T. 
[JMB] 
Prove that the equation of the normal to the rectangular hyperbola xy = c? 
at the point (ct, c/t) is xt? — yt = c(t* — 1). Four normals to the curve from 
a point meet the curve at P, Q, R, S. Prove that the pairs of lines PQ, RS; 
PR, QS; PS, QR are such that the lines in each pair are perpendicular to 
each other. [SUJB] 


wo 
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4 


5 


Show that if the line y = mx + c touches the hyperbola x? — 3y? = 1, then 
3m? = 3c? + 1. Obtain an equation for the gradients of the two tangents to 
the hyperbola from the point P(xo, Yo). Show that if these tangents are 
perpendicular then P lies on the circle x? + y” = . [JMB] 
Find the equation of the normal at the point (ct, ct ~1) on the Tectangular 
hyperbola xy = c?. The normal at the point P on xy =c? meets the 
hyperbola x? — y? = a? at Q and R. Prove that P is the mid-point of QR. 
Interpret this result geometrically when P is a point of intersection of the 
two curves. [JMB] 


Exercises 20 


1 


Find the equation of the normal to the parabola y? = 4ax at the point 
(at?, 2at). P, Q are two points on the parabola such that the chord PQ 
subtends a right angle at the vertex of the parabola. Find the locus of the 
point of intersection of the normals at P and Q. 


2 Acircle with centre at the point (a, 0) and radius greater than a meets the 


eo 


parabola x = at?, y = 2at at the points P, Q. Prove that the tangents to 
the parabola at P and Q meet on the circle. [LU] 
Show that the equation of the normal to the parabola y? = 4ax at the 
point P(at?, 2at)is y + tx = 2at + at >. If this normal meets the x-axis at Q, 
show that the mid-point M of PQ has the co-ordinates (a + at*, at). If 
P is a variable point on the parabola, find the cartesian equation of the 
locus of M. [AEB] 


4 Show that the equation to the tangent to the hyperbola x?/a? — y?/b? = 1 





xsecO ytand 


b 

equation of the normal. The ordinate at P meets an asymptote at Q. 
The tangent at P meets the same asymptote at R. The normal at P meets 
the x-axis at G. Prove that the angle RQG is a right angle. [JMB] 


at the point P(asec6, btan@) is = 1. Find also the 





5 Show that the equation to the normal at the point P(acos 6, bsin 6) on 


the ellipse x?/a? + y?/b? = 1 isax/cos@ — by/sin@ = a? — b?. Ifthe normal 
at P cuts the major and minor axes of the ellipse at G and H, show that 
as P moves on the ellipse the mid-point of GH describes another ellipse of 
the same eccentricity. [JMB] 


6 The tangent to the parabola y” = 4ax at the point P(at?, 2at) meets the 


x-axis at T. The straight line through P parallel to the axis of the parabola 
meets the directrix at Q. If S is the focus of the parabola, show that PQTS 
is arhombus. If M is the mid-point of PT and N is the mid-point of PM, 
find the equation of the locus of (i) M, (ii) N. [AEB] 


7 Prove that the equation of the normal to the rectangular hyperbola 


xy =c? at the point P(ct, c/t) is ty —t3x = c(1 — t*). The normal at P and 
the normal at the point Q(c/t, ct), where t > 1, intersect at the point N. 
Show that OPNQ is a rhombus, where O is the origin. Hence, or otherwise, 
find the co-ordinates of N. If the tangents to the hyperbola at P and Q 
intersect at T, prove that the product of the lengths of OT and ON is 
independent of t. [JMB] 


8 The tangents at the points P and Q on the parabola y? = 4ax meet on the 


line x = a. Prove that the locus of the mid-point of PQ is y? = 2a(x +a). 


9 


10 


1 


— 


12 


13 


14 


15 


16 


17 


18 
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Prove that the chord joining the points P(ap?, 2ap) and Q(aq?, 2ap) 
on the parabola y? = 4ax has the equation (p+ q)y = 2x +2apq. A 
variable chord PQ of the parabola is such that the lines OP and OQ are 
perpendicular, where O is the origin. (i) Prove that the chord PQ cuts the 
axis of x at a fixed point, and give the x co-ordinate of this point. 
(ii) Find the equation of the locus of the mid-point of PQ. [C] 
The point P(asect, btant) on the hyperbola x?/a? — y?/b? = 1 is joined 
to the vertices A(a, 0), B(—a, 0). The lines AP, BP meet the asymptote 
ay = bx at Q, R respectively. Prove that the x co-ordinate of Q is 
1 

Pe Ee and that the length of QR is independent of the value of t. 
cos4t — sin3t 

[JMB] 


Show that a circle meets the parabola y? = 4ax in not more than four 
points. If three of these points coincide at P(at?, 2ar) and the fourth is Q, 
prove that PQ and the tangent to the parabola at P make equal angles 
with the axis of the parabola. Show also that the centre of the circle lies 
on the curve 4(x — 2a)? = 27ay?. [LU] 
Show that the equation of the tangent at the point with parameter t to 
the curve x = t?, y = 2tisty = x + t?. Find theco-ordinates of the point T 
where the tangent at P(9, 6) meets the tangent at Q(1, —2). Find also 
the mid-points M and N of PT and QT respectively. Show that the line 
MN touches the curve and find the value of the parameter t at the point 
of contact. [LU] 
Obtain the equation of the normal to the parabola y” = 4ax at the point 
P(at?, 2at). The focal chord through P meets the parabola again at Q, 
and the normals at P and Q meet at R. Prove that R is the point 
[a(t?+1+1~7), a(t—t~')], 

and find the equation of its locus as t varies. [SUJB] 
The normal at a point P(ct, c/t) of the rectangular hyperbola xy = c? 
meets the hyperbola again at Q. Prove that the parameter of Q is — 1/t?. 
If the normal at P meets the axes Ox and Oy at R and §, prove that the 
mid-point of RS is also the mid-point of PQ [O] 
Prove that every point on the parabola y? = 4ax can be expressed in the 
form (ay?, 2ap). A variable chord of the parabola has fixed length k. 
Prove that the locus of the mid-point of the chord has equation 

(4ax — y?)(y? + 4a?) = ka? [SUJB] 
Show that the equation of the normal to the parabola y? = 4ax at the 
point P(ap?, 2ap) is y + px = 2ap + ap®. Find the co-ordinates of R, the 
point of intersection of the normal at P and the normal at Q(aq?, 2aq). 
Given that the chord PQ passes through S(a, 0), show that pq = —1 
and find the equation of the locus of R. [AEB] 
The points P(ap?, 2ap) and Q(aq?, 2aq) move on the parabola y? = 4ax, 
and p+ q = 2. Show that the chord PQ makes a constant angle with 
the x-axis, and that the locus of the mid-point M of PQ is part of a line 
which is parallel to the x-axis. If also the point R(ar?, 2ar) moves so that 
p —r = 2, find in its simplest form the (x, y) equation of the locus of the 
mid-point N of PR. [JMB] 
Show that the equation of the chord joining the points P(ap”, 2ap), 
Q(aq?, 2aq) of the parabola y? = 4ax is y(p + q) — 2x — 2apq = 0. The 
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20 
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— 


22 


23 


24 


25 


variable chord PQ of the parabola y? = 4ax passes through the fixed point 
(h, k). If the tangents to the parabola at P and Q meet at T, show that 
T lies on a fixed straight line. [JMB] 
Show that the equation of the common tangent other than the y-axis, of 
the curves y? = 4ax and xy = 2a” is 2y+x+4a=0. This common 
tangent touches the curves at P and Q respectively. R is the point of 
intersection of the curves. Find the acute angle between PR and QR. 
[LU] 
Prove that the line y = mx +c touches the ellipse x?/a? + y?/b? = 1, if 
c? = a*m? + b?. Find in terms of m, a, b, the distance between the two 
tangents of slope m. If this distance is equal to the distance between the 
pair of tangents perpendicular to the first pair, show that it becomes 
J[2(a? + b*)]. An ellipse in which the semi-axes a, b are in the ratio 
3:2 touches the four sides of a square. Find the length of a side of the 
square in terms of a. 
Find the equation of the normal to the parabola y* = 4ax at the point 
(at?, 2at) and the co-ordinates of the point at which this normal cuts 
the x-axis. Show that the equation of the circle which touches this parabola 
at points (at?, 2at) and (at?, —2at) is 


(x — 2a — at”)? + y? = 4a?(1 +t?) 


Find the values of t for which this circle passes through the point (9a, 0). 

[LU] 
Show that the tangent at P(cp, c/p) to the rectangular hyperbola xy = c? 
has the equation p?y + x = 2cp. The perpendicular from the origin to 
this tangent meets it at N, and meets the hyperbola again at Q and R. 
Prove that (i) the angle QPR is a right angle, (ii) as p varies, the point 
N lies on the curve whose equation is (x? + y*)? = 4c?xy. [C] 
If the parabola y? = 4ax(a > 0) cuts the hyperbola xy = c? at right angles, 
show that c* = 32a‘, and find the co-ordinate of the point of intersection 
in terms of a. [O] 
Prove that the equation of the tangent at the point (x,, y,) on the ellipse 
x?/a? + y?/b? = 1isxx,/a? + yy,/b? = 1. The tangent at the point (2 cos 6, 
./3 sin 6) on the ellipse x?/4 + y?/3 = 1 passes through the point P(2, 1). 
Show that J3 sin 6 + sin 8 = sd. Without using tables, calculator or slide 
rule, find all the solutions of this equation which are in the range 
0° < 6 < 360°. Hence obtain the co-ordinates of the points of contact, Q 
and R, of the tangents to the ellipse from P. Verify that the line through 
the origin and the point P passes through the mid-point of QR. [JMB] 
A straight line has gradient m and passes through the point P(3, 4). Find 
the equation of this line in terms of m. Show that the line touches the 
parabola y? = 4x if 3m? — 4m + 1 = 0. If the tangents from P to the para- 
bola touch the parabola at the points S and T, find the lengths of PS 
and PT. Show, without using tables or calculator, that tanSPT = —} 
and determine the area of triangle PST. [AEB] 


21 
Numerical methods 


21.1 Graphical solution of equations 


For any equation f(x) = 0 we have an associated function y = f(x). The roots 
of the equation are those values of x which make y equal to zero. Thus the 
graph of the function y = f(x) meets the x-axis at points whose x co-ordinates 
are the roots of the equation f(x) = 0. 


Example 1 Find the approximate values of the roots of 2x? — 21x? + 60x — 
35 =0. 
Consider the function y = 2x? — 21x? + 60x — 35 
dy 

— = 6x? — 42x + 0 
Ae x x 

= 6(x — 2)(x — 5) 
d*y 


Thus there is a local maximum at the point (2, 17) and a local minimum 
at the point (5, — 10). The values at the maximum and minimum are opposite 
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Figure 21.1 
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in sign and the graph must cross the x-axis at least once between x = 2 and 
x = 5. The graph of the function plotted for values of x = O(1)7 (from x = 0 
to x = 7 in steps of 1) is shown in Figure 21.1. 

The graph cuts the x-axis at three points and the three roots of the equation 
2x? — 21x? + 60x — 35 = 0 are approximately 0:8, 3-8 and 59. Any of these 
values can be improved by drawing the relevant part of the graph on a much 
larger scale. Thus to improve on the value 08, we draw the graph of the 
function for values of x = 0:75(0-1)0:85. 

Expressing the equation f(x) = 0 in the form g(x) = h(x) can be useful if 
the graphs of y = g(x) and y = h(x) are more easily drawn than that of f(x). 
If f (x) = h(x) — g(x), then f(x) = 0 when h(x) = g(x). The graphs of y = h(x) 
and y = g(x) will intersect at a point with co-ordinates (x,, y,) such that 


8(x1) = yi = h(x,) 
therefore 
h(x,) — g(x,) = 0 
f(x,) =0 
that is, f(x,) = 0 and x, is a root of f(x) =0. 


Example 2 Find approximations to the positive roots of the equation 
x3? — 3x +1 =0 by considering the graphs of y= x?+1 and y = 3x over 
the range of values of x = 0(1)3. 

When x? + 1 = 3x, x? — 3x+1=0. Figure 21.2 shows the graphs of the 
functions y = x? + 1 and y = 3x. They intersect where x = 0-4 approximately 
and where x = 1:5 approximately. 
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Figure 21.2 


Better approximations can be obtained by drawing the graphs on a larger 
scale near these roots. ; 

If the values of x, between which a single root is known to lie, are reason- 
ably close together, it is possible to approximate to the root by linear inter- 
polation without drawing a graph. 

Let P[a, f(a)], and Q[b, f(b)] be points on the graph of y = f(x) such that 
f(a) > 0 and f(b) <0. Then OR (Figure 21.3) gives a better approximation 
to the root. 
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Figure 21.3 


If PS is parallel to Oy and QS is parallel to Ox, then by similar triangles 
AR_PA___ If@)l 
AB PS _ |{f(a)|+|f(0)| 
Therefore 


|f(a)| 
|f(a)| + [f(5)| 


and this can be calculated without drawing the graph. 


Xp = OR=a+AR=a+ -(b-—a) (21.1) 


Example 3 Consider f(x) = x? — 3x + 1 = 0 (see Example 2). 
f(0) =1>0 f(1)= -—1 <0 
Then by (21.1) 


1 
20 = 205 
ME ae 


We can improve on this by a further application of (21. 1): 


f(0-3) = 0-127 
f(0-5) = —0:375 
Thus a better approximation is 
0-127 
bs 0-127 + 0-375 Wee O23 


Exercises 21a 


1 Show that the function f(x) = x* + 6x — 10 has a minimum value when 


x= Be 1-5. Sketch the graph of the function and find an approximate 
root of the equation x* + 6x — 10 = 0. Improve your approximation by 
drawing another graph on a larger scale. 

2 Given that x = 5-9 is an approximate root of the equation 2x? — 21x? + 
60x — 35 = 0, find a better approximation. 

3 For the equation f(x) = 2x? — 21x? + 60x — 35 = 0 show that f(3) = 10 
and f(4) = —3. Hence show that 3-77 is an approximate root. By consider- 
ing f(3-7) and f(3-8) show that x = 3-762 is a better approximation. 

4 On the same diagram draw graphs of the functions y = 3(e* + e~*) and 
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y = secx for values of x = 4-5(0-1)5-0. Hence find an approximate value 
of a root of the equation (e* + e *)cosx —2 =0. 

5 On the same diagram draw graphs of the functions y = e* and y = cosec x. 
Hence find the approximate value of the smallest positive root of e* sin x 
—-1=0. 

6 Kepler’s equation for finding the eccentric anomaly E given the mean 
anomaly M and the eccentricity e of a planetary orbit is E — esinE = M. 
Given e = 08 and M = 0°5 find an approximate value for E. 

7 For the equation x* — 3x + 1 = 0 show that, if f(x) = x? — 3x + 1, then 
f(—2) = —1,f(—1) = 3. Hence find an approximate value for the negative 
root of the equation. 

8 The equation x? — 5x + 3 = 0 has a root between 0 and 1. Verify that 
this is correct and find its approximate value. 

9 The equation in question 8 may be written x = $(x> + 3). Calculate the 
sequence of values x;, x2, X3,... given by x, = $(X9° + 3), x2 = $(x,° + 3), 
x3 = $(x,° + 3), etc. starting with x, = 0. What do you notice? 

10 On the same diagram draw the graphs of y = x and y = cos x. Show that 
there is a root between 0 and 1 of the equation x —cosx =0. Write 
this equation in the form x = cosx and starting with x, = 0°5, calculate 
X, =COSXg, X, = COS X;, X3 = COSX,, etc. What do you notice? 


21.2. Newton’s method 


If we have an approximation to the root of an equation f(x) = 0 (which may 
have been obtained by the methods described in the previous section), then 
Newton’s method (also known as the Newton—Raphson method) can be used 
to obtain a better approximation. 

Figure 21.4 shows the graph of y = f(x). The x co-ordinate of K is the 
root we require. Suppose xo, the x co-ordinate of P, is an approximation to 
the root. Let PT be the tangent at P on the curve and T the point where 
the tangent meets the x-axis. Then, in general, OT will be a better approxi- 
mation to the root. 


OT = OA— TA 
PA , 
TA 7 tan = F'(xo) 


yrt(x) 











Figure 21.4 
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Therefore 
_ PA _ f(xo) 
f'(Xo) —f"(Xo) 
ne f(x) 
1 0) f’ (xo) 
We can similarly improve upon x;,: 
X5=xX _ fOr) 
2 1 f’ (x,) 
and in general 
f(x,) 


X44 Pe) (21.2) 


The re-calculations are continued until two successive approximations agree 
to the required accuracy. 


Example 1 Find to four decimal places the root of the equation x? — 3x 
+1 =0 that lies between 0 and 1. 


f(x) =x?-—3x+1 
f’(x) = 3x? —3 = 3(x?— 1) 


Take x9 = 0-4. The calculations that follow are done on a calculator. 


£(0-4) = —0:136 
£'(0-4) = —2-52 
(—0-136) 
= 0-4 —\— =?’ = 0-3460 
“1 (—252) 


f(0-3460) = 0-003 422 
f’(0-3460) = —2-641 


0-003 422 
Xz = 03460 + 7 = 03473 
£(0-3473) = —0-000 009 615 
f’ (03473) = — 2-638 
0-000 009 615 
= 03473 == 0 
‘e a 03473 


Thus the required root is 0:3473. 

The calculations can be tedious even when carried out with a calculator. 
The method is ideally suited to computation by a computer. A BASIC 
program written for a ‘Pet’ computer follows. The program is general in the 
sense that F = f(x) is evaluated by subroutine 1000 and D = f'(x) (D for 
derivative) is evaluated by subroutine 2000 for any value of x. These sub- 
routines can be rewritten for different forms of f(x). The accuracy of the 
solution can be set by giving E a value sufficiently small. 
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READY. 


10 PRINT “PROGRAM TO SOLVE F(X)=0" 
20 PRINT “F(X) EVALUATED AT 1000” 
30 PRINT “F’(X) EVALUATED AT 2000” 
40 PRINT “ACCURACY REQUIRED”:INPUT E 
50 PRINT “INITIAL VALUE”:INPUT Z 

60 X=Z 

70 GOSUB 1000 

80 GOSUB 2000 

90 Z=X-F/D 

100 PRINT X,Z 

110 IF ABS(Z-X)>E GOTO 60 

120 PRINT “FINAL SOLUTION=";Z 

130 END 

1000 F=X+X+X-3+X+1 

1010 RETURN 

2000 D=3+(X+X-1) 

2010 RETURN 

READY. 


The output for E = 000001 and initial Z = 0-4 is shown below. 


PROGRAM TO SOLVE F(X)=0 
F(X) EVALUATED AT 1000 
F(X) EVALUATED AT 2000 

4 


°346031 746 
346031746 347295726 
347295726 347296355 


FINAL SOLUTION=-347296355 


Newton’s method will fail if the first approximation to the root is such 
that the value of f (x9)/f’(x9) is not small enough (see Figure 21.5). The usual 
remedy is to improve the initial approximation to the root when the iterations 
will generally converge. 


Yh 











Figure 21.5 
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Exercises 21b 


Use Newton’s method to find to four decimal places the roots of the following 
equations. Use the initial value given. 

1 x*+6x—10=0; x9 = 1:25 

2 2x? — 21x? + 60x — 35 = 0; x9 = 0°78 

3 e*sinx —1=0; x9 = 0:59 

4 x—cosx =0; x) = 08 

5 e */?* sin x — 0:5 = 0; x9 = 0:58 


21.3. Numerical integration: the trapezoidal rule 


In Section 13.6 we showed that J? f(x)dx is equal to the area A enclosed by 
the graph of y = f(x), the x-axis and the ordinates at x = a and x = b. Thus 
an approximate value for |? f(x) dx can be obtained by finding an approxima- 
tion to the value of A. One method is to use the trapezoidal rule. 


yrtle 


yh 

















Figure 21.6 


In Figure 21.6, the interval AB is divided into n equal parts, each of width 
h, by the points P,, P3,..., P,. The corresponding ordinates are P,Q), P3Q;, 
..., P,Q,,. If we approximate the arcs DQ, Q,Q3,..., Q,C by straight lines, 
each of the areas AP,Q,D, P,P3,Q;Q), ... is a trapezium and we can 
approximate the area ABCD as 


b 
| f(x) dx = $h(AD + P,Q,) + 5h(P,Q, + P3Q3) + ... + 5h(P,Q, + BC) 


a 


= Sh(y + 2y2 + 2y3 +... +n + Yn) 
therefore 


b 
| f (x) dx ~ 4h(first + last ordinate) + h(sum of all other ordinates) (21.3) 


a 


It is not necessary to draw the graph of y = f(x). The calculations can be set 
out as follows. 
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1 
Example 1] Find by the trapezoidal rule an approximate value for 14x" 
(0) x 
Use ordinates spaced at equal intervals of width h = 0.1. 
x 0 O1 0-2 0-3 0-4 0:5 0-6 0-7 08 0-9 1-0 
1 =0:9901 0:9615 0:9174 0:8621 08000 0:7353 0:6711 0-6098 0-5525 0-5000 





1+ x? 


Therefore 
1 dx 0-1 
—x ® > (1 + 05) + 0-10-9901 + 09615 + ... + 05525) 
ol+x 2 
= 0:075 + 0:1 x 7:0998 
~ 0°78 50. 


By analytical methods 


1 dx , 
ia37 [arctan x]o = 2/4 = 0-7854 


0 


Exercises 21c 


Find the approximate value of the following definite integrals. Use the 
trapezoidal rule and ordinates spaced at equal intervals of width h as 
indicated. 

1 fs? cosxdx, h = 2/12 

2 felog.(1 + x)dx, h=1 

3 fZe-*?2 dx, h = 02 

4 [§/* tanxdx, h = 1/24 

5 [3/2 cos*4xdx, h = 1/12 


21.4 Numerical integration: Simpson’s rule 


Simpson’s rule is a better method of approximating to the value of a definite 
integral than the trapezoidal rule. In fact, it is exact when f(x) is a quadratic 
or a cubic function. 


yrt(x) 











Figure 21.7 
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We first consider |" ,f(x)dx and obtain an approximation for this in terms 
of the ordinates at the end points of the interval and the ordinate at the 
mid-point of the interval. We denote these by y,, y3 and y, respectively (see 
Figure 21.7). 

We can express the function f(x) in the interval (—h, h) by its Maclaurin 
series (see Section 12.4): 


x? x? x4 
f (x) = f (0) + xf (O)+>f ()+—f (0) + af (O)+... 
Therefore 


h h x2 x3 xt 
f (x)dx = f(0 f'(0) + —f"(0) + —f"(0) + —f7(0) +... |. 
[teas | Ho + O44 (0) +5170) + 3f"(0) + Je 


—h 


lh 


—h 


he he 
= 2hf _f” —f” os 
2hf (0) + 3 (0) + of (0) + 


at 6f (0 H0)| I m0) 4 (A) 
= 5| $f (0) + h°"(0) | + I" (0) +... 
Now 
; h?_, h3 i h* a 
yy = F(A) = £0) — hf) + Sf (0)—f (0) + 54f (0) —... 
y2 = £(0) 
f f h2 , 3 a ht ” 
yz =f(h) =f(O)+h ()+>f (0) + Gf (0) + sf (0) +... 


therefore 
4 


h 
y, + 4y2 + y3 = 6f (0) + h?f7(0) + sf" 0) + tas 


and so 


5 


h h h 
3b + 4y2 + ys] = 3[6F(0) + h7f"(0)] + qf" +... (B) 


From (A) and (B), ignoring terms in h° and above, 


A 
h 
J f (x) dx orien + 4y. + y3) 


—h 
Also from (A) and (B), the error in the approximation is of the order 

hd ho ho 

—f” (0) - —f”(0) = —f” 

36 0) 60 0) 90 0) 

Note that for a cubic function ax? + bx? + cx + d,f”(0) and higher deriva- 

tives are zero. Therefore, Simpson’s rule is exact for cubic and quadratic 
functions. 


420 Numerical methods 





Figure 21.8 


For ff (x)dx, we divide the area into an even number of strips 2n and 
apply Simpson’s rule to each pair of strips in turn (see Figure 2/.8). Then 


b 
| f(x) dx = Zh(y, + 4y¥2+ Y3 +¥3 +4Va + V5 H+ +. HVan—-1 + 4 an 


a 


+ Von+1) 
@ SALY + Yonsr t4(v2 + Yat Yo t --- + Yan) +2(¥3 ts + 
«++ +Yan-1)] 


Therefore 


b 
| f(x) dx = $h(first + last ordinate + 4 x sum of even ordinates 


a 


+2 x sum of remaining odd ordinates) (21.4) 





1 
: ‘ d : ; 
Example 1 Find the approximate value of | 1 . using ten strips and 
0 


x? 
Simpson’s rule. 


The range is 0 to 1 so that each strip is of width 0-1. Thus h = 0-1. The 
work may be set out as follows. 














x First and last Even Odd 
ordinates ordinates ordinates 

0-0 1 

0-1 0-9901 

0-2 0-9615 

03 0:9174 

0-4 0:8621 

0:5 08000 

06 0:7353 

0:7 0-6711 

08 0-6098 

09 0:5525 

10 0-5 

Totals 1:5 39311 3-1687 

4 2 

15-7244 6:3374 

Therefore 


1 i 
| ios ~ ms + 15-7244 + 63374) 
0 
= 0:7854 
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The result analytically is 0-7854, and by the trapezoidal rule (refer to Example 
1 in Section 21.3) 0-7850. 


Example 2 A river is 20 m wide. The depth of the river is found, in metres, 
at nine equidistant points on a line AB joining two points A, B on opposite 
banks of the river (AB is perpendicular to the direction of the flow) with the 
following results. 





PASIanES roe AI 00 25 SO 75 100 125 150 175 200 
In metres 
Depth in metres 06 08 24 36 2:5 1-6 1-2 08 0-4 





At AB the water is flowing at 1-5 m/sec. Find the approximate number of 
cubic metres of water flowing down the river per second. 


First and last Even Odd 
ordinates ordinates ordinates 
06 
08 
2-4 
36 
25 
16 
1-2 
08 
0-4 
Totals 1-0 68 61 
4 2 
27:2 12-2 


25 
Cross-sectional area A U0 + 27-2 + 12:2) 


= 33-67 m? 
Volume of flow ~ 33-67 x 1-5 
= 50°5 m3/sec 


A listing of a BASIC program to implement Simpson’s rule follows. The 
program can be used interactively, the operator specifying the limits of 
integration and the number of strips (which must be even). The program 
listed considers f(x) = 1/(1 + x?) but subroutine 1000 can be rewritten to deal 
with any function. 


READY. 


10 PRINT “SIMPSON’S RULE FOR INTEGRATION” 

20 PRINT “LOWER LIMIT’:INPUT A 

30 PRINT “UPPER LIMIT’:INPUT B 

40 PRINT “NO. OF STRIPS”:INPUT N:M=INT(N/2) 

50 IF M< >N/2 THEN PRINT “NO. OF STRIPS MUST BE 
EVEN”:GOTO 40 

60 H=(B-A)/N 
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70 X=A:GOSUB 1000:S=F 

80 FOR !=2 TO N STEP 2 

90 X=A+(I-1)*H:GOSUB 1000:S=S+4+F 
100 X=A+I*H:GOSUB 1000:S=S+2+F 
110 NEXT | 

120 S=S-F 

130 S=S+H/3 

140 PRINT “INT=";S 

150 END 

1000F=1/(1+X«X) 

1010 RETURN 

READY. 


Exercises 21d 
n/2 


1 Evaluate | sin x dx by Simpson’s rule. Use six strips (h = 2/12). Compare 


ce) 
your result with the exact value. 
2 Given log, 2 = 06931, find an approximate value for log, 3 by evaluating 


3 
d 
| = by Simpson’s rule. Use ten strips (h = 0-1). Compare your results 
2 


with the value given by tables. 
3 Find an approximation to the length L of an arc of an ellipse, where 
n/2 
L= J (1 — 09 sin? 6) dé 
0 
Use four strips (h = 7/8). 
4 A particle moves along a fixed straight line AB. Its distance s metres from 
A at any time t seconds is given by 


ds ; 
ane t,/(64 — t?) 


Use Simpson’s rule with eight strips to find approximately the distance 
travelled from t = 0 to t = 2. 

5 The vertical depth of water a short distance behind a straight dam was 
measured at nine equidistant points on a line AB, with the following results. 





Distance from A in 0 35 70 105 140 175 210 245 280 
metres 


Depth in metres 0 53 87 99 =: 105 100 68 36 0 


AB is 280 m long and parallel to the dam face, which slopes uniformly 
into the water at an angle of 15° to the downward vertical. Calculate to the 
nearest 100 m? the wetted area of the dam’s face. 


21.5 Determination of laws 


If two variables are related and we have measured pairs of values for the 
two variables, we can investigate the relationship between them by plotting 
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the points on graph paper. A line graph is easily recognised by eye. In some 
cases where the connection is more complicated, we can sometimes find 
simple functions of the variables that are linearly related. 


Example 1 The following table shows corresponding values of two variables 
F and C. Plot the values on a graph and hence estimate the relationship 
between the variables. 


F 50 68 86 104 122 140 
Cc 10 20 30 40 50 60 


The plot of F against C is shown in Figure 21.9. 











F a 
150|- oe 
+ 
100 ae 
ger 
a 
= ae 
at 
0 ! | I \ | | 
(e) 10 20 30 40 50 60 “¢ 
Figure 21.9 


The graph is a straight line. Its intercept on the F-axis is 32 and its gradient 
is 


140-50 _ 9 
60-10 5 
Thus from (18.2), F and C are related by 
F =324+3C 


They are, in fact, the values of the same temperatures measured on the 
Fahrenheit and Celsius scales respectively. 


Example 2 The variables x and y are related by y = ax", where a and n are 
constants. Determine a linear relationship between variables related to y and 
x and use the data given to estimate a and n. 





x< 
w 
> 
iN) 
w 
IN 


therefore 


log. y = log,a + log, x" (see (1.27)) 
= log.a+nlog.x (see (1.29)) 


Thus the relationship between log, y and log, x is linear. If we plot log, y 
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against log, x, the resulting straight line should intercept the log, y axis at 
log. a and have gradient n. 


We have 
log. y 1-099 1-44 1-649 1:791 1-902 1-988 
log. x 0 0-693 1:099 1-386 1-609 1:791 





These data are plotted in Figure 21.10. 





log, y 
2 a“ 
—t 
pent 
—— 
| 
| 1 — 
1 2 log, x 
Figure 21.10 


Thus log. a = 1-099, whence a = 3. The gradient n is estimated to be 


1-988 — 1-099 
1791-0 — oS 


Thus the relationship is of the form y = 3,/x. 


Exercises 21e 


1 
2 
3 


It is known that the relation between the variables x and y is of the form 
y = ab*. Show that log, y and x are linearly related. 

The variables p and v are connected by the relation p(v + a) = c, where c 
and a are constants. What simple function of p is linearly related to v? 


The variables x and yare connected by the relation y = a + bx”. By plotting 
y against x? estimate a and b given the data below. 

y 53 77 125 19-7 293 

x 1 3 5 7 9 

In an adiabatic expansion pv’ =c where p is the pressure and v is the 


volume of the gas. Show graphically that the following values obey this 
law and estimate the values of the constants y and c. 


p 7198 30:3 178 11-5 6°5 32 
v 1 2 3 4 6 10 
The braking distance, b, of a vehicle travelling at speed v is given by 


d = av’. Verify this and estimate the values of the constants a and b using 
the data below. 





d metres 4 15 34 60 94 
v km/h 10 20 30 40 50 
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Exercises 21 


1 


74) 


“a 


_ 


10 


The height of the cap of a sphere of radius 5 cm is x cm. The volume of the 
cap is one-quarter the volume of the sphere. Show that x? — 15x?+ 125 =0. 
Find the value of x correct to three decimal places. 

If in question 1 the volume of the cap is one-eighth of the volume of the 
sphere and the radius of the sphere is 4 cm, find an equation for x and 
find x correct to three decimal places. 


2 
Using Simpson’s rule and eight strips, find the value of | e~*’/2 dx to 
0 


? is a function used in error theory and 


four significant figures. [e~*” 
statistics. ] 
Sketch the curve y = (x + 1)(x — 3)?. Hence sketch the curve y” = (x + 1) 
x (x — 3)?. Use Simpson’s rule with five ordinates to obtain an approxi- 
mate value of the area in the first quadrant enclosed between the curve 
= (x + 1)(x — 3)?, the x-axis, the y-axis and the line x = 2. Find also 
an approximation to the mean value of y in the range O< x <2. 
[AEB] 
Use Simpson’s rule with five ordinates to find the mean value of (cos x) 
with respect to x over the range 0 < x < 2/2. Work as accurately as your 
tables allow. [AEB] 
Verify that Simpson’s rule gives the exact value of 


+1 
| (x? + px? + r)dx 
= 1 


Show that one solution of the equation 24x? — 149x? — 201x + 476 = Ois 
between | and 2. Estimate its value by linear interpolation. Improve your 
estimate by finding two closer values between which the root lies and then 
use linear interpolation again. 

The following pairs of values of x and y satisfy approximately a relation of 
the form y = ax", where a and n are integers. By plotting the graph of 
Igy against lgx, find the values of the integers a and n. (lg N denotes 
logio N.) 


y 1:37 2:92 5-32 8-80 13-50 


bad 


Estimate the value of the integral f3:3 3ydx (a) by Simpson’s rule, 
using five ordinates and clearly indicating your method, (b) by using the 
relation y = ax" with the values found for a and n. [LU] 
Use Simpson’s rule with three ordinates (i.e. two strips of equal width) to 


evaluate/,7*/"(x? + 1)dx, where a and n are constants. By evaluating 


the integral directly, verify that the value obtained by Simpson’s rule is 
exact. [JMB] 
Sketch the curve y = (1 + x?)!/? for values of x between 0 and 1. Find 
the approximation to the integral {(1 + x 2)1/2 dx given by the trapezium 
rule, using two trapezia, one with base from 0 to 4, the other with base 
from } to 1. By referring to your sketch determine whether your estimate 
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is too large or too small, giving reasons. Evaluate the integral by 
Simpson’s rule, using the same three ordinates. [O] 
Use Simpson’s rule to evaluate approximately |$*(1 — cos x) dx, by using 
seven ordinates (i.e. six strips of equal width). Evaluate the above integral 
also by direct integration. [JMB] 
12 Tabulate the values of the expression Ja +x?) at unit intervals from 
x = 1 to x = 6 inclusive, giving your answers to two decimal places. Use 
these values to find an estimate by the trapezoidal rule of the mean value 
of the expression in the range 1 <x <6. (All working must be shown.) 
[JMB] 
13 The following values of x and y are believed to obey a law of the form 
y — 3 = 20b***, where aand bare constants. Show graphically that they do 
obey this law and hence find approximate values of a and b. 


1 


— 





x 0 2 5 7 
y 8233 744 23 5 [AEB] 





14 A smooth curve passes through the points given by the table below. 


x 20 25 30 35 40 45 50 
y 1-560 1-478 1-425 1-384 1-355 1-332 1-314 


Using Simpson’s rule with seven ordinates, find the area enclosed by 

the curve, the x-axis and the lines x = 20 and x = SO. It is believed that x 
and y are related by a law of the form y = a + b/x, where a and b are 
constants. Show graphically that this may be so and determine probable 
values of a and b. [AEB] 

15 Evaluate {°*xIn(1 + x)dx using Simpson’s rule with five ordinates and 
correcting your answer to two significant figures. Show clearly how your 


answer has been obtained. [LU] 
16 Find the positive root of the equation x = sin 2x to two places of decimals, 
showing that your solution has this degree of accuracy. [O] 


17 Show that the equation x* — x — 2 = Ohas a root between | and 2. Using 
Newton’s approximation with starting point 1-5 (and showing all relevant 
working) determine, by means of two iterations, an approximation to this 
root, giving your answer to two decimal places. [JMB] 

18 The table below gives the values of y obtained experimentally for the 
given values of x. Show graphically that, allowing for small errors of 
observation, y and x are related by the equation y = k(1 + x)”. Find 
approximate values of k and n. 


x 2 5 9 I 15 
y 208 588 ©1265 1663 -256-0 [AEB] 


19 Use Simpson’s rule with five ordinates to evaluate approximately 
fo/?(1 — x?)'/? dx. By using a suitable substitution, show that 


0 8 


20 Two ladders of lengths 4 m and 6 m are placed in an alleyway whose 
walls are vertical and whose roadway is horizontal. Each ladder rests with 


1/2 
| (1 — x2)"2dx = 5 +3 [AEB] 


21 


22 


23 


24 


25 
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its edges in a vertical plane, its foot against one of the walls and its top 
resting on the other wall. They are found to cross at a height of 1-6 m above 
the roadway. Show that the height x metres of the top of the shorter ladder 
above the road satisfies the equation 5x* — 16x? + 100x? — 320x + 256 =0. 
Hence find this height in metres correct to two decimal places. 

On the same diagram draw the curves y = —x cotx and x? + y? = 9(y>0). 
Show that they have a point of intersection near to x = 2:3. Hence using 
Newton’s formula, find a root of the equation x cot x + ,/(9 — x?) =0. 
Given that f(x) = tan x — x show that f(4-4) < 0 and f(4-6) > 0. Use linear 
interpolation to find an approximation to the root of the equation 
tan x — x =0. Using Newton’s formula, show that to four significant 


figures the root is 4-493. 
3 





Use Simpson’s rule to evaluate | and compare your result with 


dx 
o x7 +9 
the exact value. 
Sketch the graphs of 


yeer% (1) 
and 


y=lIn(l+x)-1 (x > —1) (2) 


and find the co-ordinates of the point of intersection of (2) with the x-axis. 
Use the Newton-Raphson process to find (to one decimal place) the x co- 
ordinate of the intersection of the curves (1) and (2). 
Experiments are made upon two related quantities, x and y, and cor- 
responding values are observed. It is known that the relation between x 
and y is of the form y = ax". Explain how the values of a and n may be 
obtained by plotting log y against log x. 

Water is discharged over a weir and it is found that for different heights, 
h, of the free surface of the water above the bottom of the weir, the 
discharge, Q, is given by the following table 





h 4 6 8 10 12 - 
Q 650 1740 3640 6360 9790 





Show that these observations are consistent with a relation between 
Q and h of the form Q = ah" and give estimates, correct to one decimal 
place, for the values of a and n. [LU] 


22 
Vectors 


22.1 Vectors and scalars 


A scalar quantity has magnitude only and is not related to any definite 
direction in space. For example, time, volume, speed, mass and electric charge 
are scalar quantities. Scalars are completely specified by numbers which 
measure their magnitude in terms of some chosen unit, thus 3:3 min, 27 m?, 
9 km/h. 

Other quantities exist which have both magnitude and direction, e.g. 
velocity, force, magnetic field intensity. Thus 9 km/h horizontally in a direction 
north-west is speed in a given direction and is a vector. An example which 
does not have physical associations is the directed segment of a straight 


line PQ. The length PQ is the magnitude of the vector. The direction is 
parallel to the line and in the sense from P to Q. We can represent all 
quantities which have both magnitude and direction by directed line segments. 

A vector is a quantity which has both magnitude and direction and which 
can be compounded meaningfully* by the triangle or parallelogram rule 
described in Section 22.3. 


In addition to representing a vector by PQ, we shall also use bold faced 
italic type, such as A, a, to indicate a vector. The modulus of a vector a is 
the positive number which is a measure of the length of the directed segment 
and will be denoted by |a| or a. 

It is important to remember that if |a| = |b| it does not follow that the 
vectors are equal; they may have different directions. 

Two special cases arise. If the modulus of a vector is zero (Q coincides 
with P), we refer to the zero vector 0 the direction of which is indeterminate. 
If the modulus of the vector is unity, it is referred to as a unit vector and 
will be denoted by a, 6, ..., the circumflex indicating a unit vector. 

It is important to realise that, in general (see Section 22.7), a vector is not 
fixed in space. In Figure 22.1, AB, CD, EF and PQ are all equal in length 
and parallel to one another and are four of the many possible representations 
of the same vector or, alternatively, they represent four equal vectors. 


* Before a physical quantity 1s treated as a vector it should be proved theoretically, or 
shown experimentally, that it can be meaningfully compounded by the triangle rule. (Some 
directed quantities such as finite rotations do not give meaningful results when compounded 
in this way.) However, in this book we shall deal only with directed physical quantities 
which are vectors and their vector nature will be assumed without proof. 
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E 

Figure 22.1] 


22.2 The angle between two vectors 
> => 
Let the two vectors a and 5 be represented by OP and OQ (Figure 22.2). 


ie —- 


0 Q Q 0 
Figure 22.2 


The angle between the two vectors is 6,0 <6@< 72, the angle between OP 
and OQ, where both vectors are drawn with the arrows pointing away from 
the point of intersection. When @ is equal to 7/2, the vectors are said to be 
perpendicular and when @ is equal to 0 or 2, they are said to be parallel. 


Exercises 22a 


1 Which of the following are vectors and which are scalars? 
(a) energy (b) speed (c) electric potential 
(d) weight (e) deceleration (f) velocity 
(g) volume (h) temperature (j) force 
2 Draw, on the same diagram, directed line segments to represent the follow- 
ing horizontal vector quantities: 
(a) A force F, of 10 N in a direction 45° E of N. 
(b) A force F, of 8 N ina direction 120° W of N. 
(c) A displacement d of 10 m in a direction 150° E of N. 
(d) A force F3 of 10 N in a direction 135° W of N. 
(e) A velocity v, of 10 m/s in a direction 45°E of N. 
(f) An acceleration f of 8 m/s? in a direction due west. 
(g) A velocity v, of 10 m/s in a direction 135°E of N. 
Are any of the forces equal and opposite? Can the same directed line 
segment represent two or more of these vectors? 
3 In the previous question state the angle between the vectors: (a) F,; and d; 
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(b) f and F,; (c) F, and v,. (d) Are any two of the vectors perpendicular 
to each other? (e) Are any two of the vectors parallel to each other? 

4 Represent diagrammatically a horizontal acceleration f of 8 m/s? in a 
direction 20 degrees east of north. On the same diagram represent the 
following horizontal accelerations: (a) 24 m/s? in the direction of f;(b) 2 m/s? 
in the direction of f; (c) 16 m/s? in a direction at right angles to f (two 
cases). 

5 A man walks 10 km north and then 75 km east. Represent these two 
displacements graphically on the same diagram and find the resulting 
displacement: (a) graphically, (b) analytically. [Note: this is an example 
of the triangular rule of vector addition.] 


22.3 Addition and subtraction of vectors 


Vectors have both magnitude and direction and it is difficult to say from 
first-hand reasoning how they should be combined. However, consider the 
special case of displacements. 





Figure 22.3 


If from A, a man walks 5 km due east, this displacement can be represented 


completely by the directed segment AB of length 5 units (see Figure 22.3). 
If he now walks a further distance of 3 km NE, this further displacement 


can be represented by BC of length 3 units. It would seem reasonable to say 
that the final result of his journey is the same as if he had walked a distance 


represented by the length of AC in the direction from A to C. AC is called 
the resultant of AB and BC. It is found in practice that vector quantities 





Figure 22.4 
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such as force, acceleration, velocity, etc., can be compounded in the same 
way, representing them by directed segments. The resultants thus obtained 
being meaningful, this is known as the triangle rule. 

Complete the parallelogram ABCD (see Fi igure 22.4). Because the opposite 
sides are equal and parallel, it follows that AD also represents the second 


displacement of 3 km NE. Thus AC is also the resultant of AB and AD. This 
is known as the parallelogram rule. 


In the case of three \ vectors represented by PQ, QR, RS (see Figure 22.5), 
combining PQ and QR gives PR, anda ee application of the triangle 
rule to PRS gives the combination of PR and RS as PS. This can be extended 
to any number of directed segments and _So we have the polygon rule, that 
if a number of vectors are represented by PQ, QR, RS, ..., YZ, taken in order, 
then their resultant is the vector represented by PZ. 





Figure 22.5 


Example 1 A yacht is sailing with a velocity of 5 km/h due north. It is also 
being carried by a current of 2 km/h in a direction south-west. A man walks 
with a velocity of 3 km/h directly across the deck from starboard to port. 
kind the man’s velocity relative to the shore. 

The man is being carried by both the yacht and the current and he is also 
walking across the deck, thus the resultant of the three velocities is required 
(see Figure 22.6). An accurate scale drawing of the vector diagram gives 
R = 5-69, 6 = 50-9°. 

Note that this example is a special case in which the three vectors can all 
be represented in the one plane. The more general case is dealt with later 
using components (see Section 22.5). 


Exercises 22b 


1 Find the magnitudes of two forces such that if they act at right-angles their 
resultants is af 13 N, but if they act at an angle of 60° to each other, their 
resultant is \/19 N. 

2 Two vectors P and Q are at right-angles to each other. The magnitude of P 

‘is 5 units and the magnitude of their resultant is 13 units. Find the magni- 
tude of @. 

3 Find the vertical force and a force inclined at 30° to the horizontal which 
together have a resultant of 6,/3 N horizontally. 
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(a ) Space diagram ( b ) Vector diagram 


Figure 226 


4 Three forces of magnitudes 140, 100 and 160 N act on a particle. If the 
particle is in equilibrium, find the angle between the 100 and 140 N forces. 

5 Four horizontal forces have magnitudes and directions as follows: 3/2 
units, N 45° W; 8 units, N 150° E; 10 units, N 120° W; 5,/2 units, N 135° E. 
By drawing an accurate scale diagram, find the magnitude and direction 
of their resultant. 


To indicate the method of compounding two or more vectors by the 
triangle or parallelogram rule, we shall use the + sign from algebra and 
define the addition of two vectors as follows: a 

If a is represented by the directed segment PQ and 5 by the directed 

= — 
segment QR, then a+ b is defined as the vector which is represented by PR 
(see Figure 22.7). 





Figure 22.7 


Complete the parallelogram PQRS. Then the opposite sides being equal 
and parallel, we have* 


> = — => 
PQ =SR and PS=QR 
* The equals sign is being used to indicate that PQ is both equal and parallel to SR. The 


= 
arrows indicate the sense in which PQ, SR, ... are described. It follows that PQ and SR can 
be regarded as representations of the same vector. 
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= = = => => 
and since both PS +SR and PQ + QR are equal to PR, it follows that 
b+a=a+b (22.1) 


That is, vectors satisfy the commutative law of addition. 


T 


a Q 
Figure 22.8 


Now consider the addition of another vector, c, represented by RT in 
Figure 22.8. From the law of addition 


PR =(a+5) and QT =(b+0) 


Applying the law of addition again 
=> => = => => 
(a+ b)+¢=PR+RT = PT = PQ+ QT =a+(b+c) (22.2) 
The argument can be extended to any number of vectors. Thus vectors satisfy 


the associative law of addition and we can write a+ b+c+ ... without 
brackets being needed to indicate the order of summation. 


If the vector 4 is represented by QR, we define —b to be the vector 
represented by RQ, hence, 


56+(—5)=0 (22.3) 
We now interpret a— 6 as the sum of the vectors a and —65, that is 
a—b=a+(-—)) (22.4) 


Referring to Figure 22.9, 
=> => => => = 
SQ = SP + PQ=RQ+PQ 
=-b+a 
=a-—b 


Note that the opposite diagonal of the parallelogram PR represents a + 5. 


s R 


P a Q 
Figure 22.9 
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Example 2. Show that |a + | < |a| + |6|. In what circumstances does the 
equality hold? 

Referring to Figure 22.9, |a| is the number of units in the length of PQ, |b| 
is the number of units in the length of QR, |a + 5| is the number of units in 
the length of PR. 

Since PQR is a triangle, 


R <PQ+QR 
or 
|a + | < |a| + || 
This equality holds when PR = PQ + QR, that is, when P, Q, R (in that 
order) are collinear, ie. a and 5 are parallel and in the same sense. 


Example 3 The three co-terminal edges AP, AD, AB of a cuboid 
ABCDPQRS represent respectively the three vectors a, 5, c. (Note that 
although the edges are equal in length they are in different directions and 
therefore represent different vectors.) Find in terms of a, 6 and c the vectors 


> 72> S| ~~ 
represented by AQ, AR, RP and PC (see Figure 22.10). 












B 
! 
| 
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D 
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Figure 22.10 


Since AP, DS, CR and BQ are all equal, in in the same sense and parallel, 
they all represent the vector a. Similarly, AD, BC, PS and QR all represent the 
vector b and AB, DC, SR and PQ’ all represent the vector c. Now 

AQ = AP + PQ 
Therefore, AQ represents the vector a+ ¢. 
= => = => 
AR = AP +PS+SR 
Therefore, AR represents the vectora+b+e. 
=> => => 
RP = RS+SP 
= — 
= —SR-—PS 
Ly 
Therefore, RP represents the vector —c— b. 
=> = = — 
PC = PS+SD+ DC 
— = > 
= PS —DS+ DC 


Therefore PC represents the vector b—a+e. 
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Exercises 22c 


mt 


Sketch directed line segments to represent vectors a, 3 units north, 6, 2 units 
north-east and c, 4 units west. Now sketch directed line segments to 
represent the following vectors: (a) c, (b) —e, (c) a+ 5, (d) a+e, (e) a—c, 
(f) b+ b, (g)a+b—c, (hha+b+¢, (j)a—b+e,(k)a—b—e. 
2 For the three vectors a, 5, c defined in question 1, find the values of the 
following quantities: (a) |b, (b) |a + cl, (c)|— el, (d) |a + 4, (e) le + 4I, (f) |e — al. 
Show that |a — 6| > ||a| — |||. In what circumstances does the equality hold? 
If a and 6 are two vectors such that |a| = |b| = ja + 5, find the angle 
between a and 6. ee 
=> 
5 A) pyramid has apex P and base ABCD. The four edges PA, PB, PC and 
PD represent respectively the vectors a, 6, c and d. Find in terms of some 
or all of a, b, c, d the vectors represented by (a) BC, (b) BA, (c) BD, 
(d) AC. in 
6 In Example 3, find in’ terms of a, b and c the vectors represented by (a) PD, 
(b) SQ, (c) DQ, (d) CS. 


& Ww 


22.4 Multiplication of a vector by a scalar 


From the law of addition of vectors it follows that a+ a is a vector in the 
same direction as a and whose magnitude is twice the magnitude of a. We 
can denote it by 2a. By continued addition, a+a@a+a+ ... ton terms isa 
vector in the direction of a whose magnitude is equal to n times the magnitude 
of a. It can be denoted by na. We generalise this for any n, fractional or 
negative, as follows: 

The product of a scalar A and a vector a (written Aa) is a vector, in the 
direction of a if A is positive and in the opposite direction to a if A is negative, 
of magnitude |A|.|al. 


Example 1 Fis a force of 3 units in a direction N 50° E. What is meant by 
—4F? 

—4F is a force of magnitude |—4].|3| = 12 units. The direction of —4F is 
opposite to the direction of F, that is, N 130° W. Therefore, — 4F is a force 
of 12 units in a direction N 130° W. 


It follows from the definition that if y is also a scalar, w(Aa) = (uA)a = A(ua) 
and the associative law of multiplication holds. Also from the definition, 
(A+ pa = dat pa. 

It is also true* that A(a + 6) = Aa + AB. 

Division of a vector by a scalar m is defined as multiplication by 1/m. 
Note: 


(i) If @ is a unit vector in the direction of a, a = a/|al. 
(ii) If 6 is parallel to a, 

B®. 

\5| al 


*See Mulholland and Phillips, Applied mathematics for advanced level, Butterworths. 
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Figure 22.11 


Example 2 In the triangle ABC the mid-points of the sides AB, AC are E 
and F respectively. Prove that EF is parallel to and equal to half the length 
of BC. 
Let AB and AC represent the vectors b and c (see Figure 22.11). 
BC = BA+AC 
=> = 
= —AB+AC 
Therefore, BC represents the vector c — b (i) 


Since E and F are mid-points of AB and AC, AE and AF represent the 
vectors $6 and 4c. 


Therefore, EF represents the vector —55+ 5c. That is 
3(¢ — 5) (ii) 
Now 3(c — 5) is a vector parallel and equal to half the magnitude of (c — B). 
Therefore, EF is parallel to, and equal to half the length of BC. 
Example 3p is the apex of a rectangular pyramid whose base is ABCD. 
The edges PA, PB,PC represent respectively the vectors a, 6, c. Find in terms 
of a, b and c the vectors represented by (i) Ab, (ii) Cb, (iii) PD. 
ABCD is a rectangle. Therefore (see Figure 22.12), ADis equal and parallel 


to BC 
Pp 


B 
Figure 22.12 
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=> => => 
BC = BP + PC 
> => 
= —PB+PC 
=> => : 
Therefore, BC and hence AD represents c — 5. (i) 
=> > 
Similarly CD is equal and parallel to BA and 
— = = 
BA = BP +PA 
=> => 
= —PB+PA 
> > + 
Therefore, BA and hence CD represents a—b (ii) 
=> => => 
PD = PC+CD 


Therefore, from (ii), PD represents c+ a—b. 


Exercises 22d 


1 ABCD is a plane quadrilateral. The mid-points of its sides are P, Q, R 
and S. Prove that PQRS is a plane parallelogram. Is the result also true 
if ABCD is a skew quadrilateral? 

2 In the _triangle ABC, D is the mid-point of the side BC. Prove that 
AB + AC = 2AD. 

3 Inthe parallelogram PQRS, A is the mid-point of PR and B is the mid-point 
of QS. Let PQ = a and PS = b and from the result of question 2 deduce 


that PB = 4(a + b). Find PA in terms of a and 6 and deduce that the 
diagonals of a parallelogram bisect each other. 


In the tetrahedron ABCD, AB, AC and AD represent vectors a, 6 and c 
respectively. The points P, Q, R and S are the mid-points of the sides 
AB, BC, CD and | DA respectively. 
(i) Show that PR represents the vector 3(—a+ b+). 
(ii) Find, in terms of a, 5, c, the vector represented by SQ. 
(iii) Deduce the vector represented by TU where T and U are the mid-points 
of AC and BD respectively. 
§ Simplify the following expressions: 
(i) 3(3@ — 2b+ c)+ 2(a + 36 —c) 
(ii) 5(a — 3b + 6c) — 3(2a — 26 + 10c) 
(iii) $(2a + 66 — c) + 2(a + 3b + 2c) 
6 ABCD is a plane quadrilateral in which P,Q are the mid-points of AB, 
DC respectively. Show that AD + BC = 2PQ. Is the result true if ABCD 
is a skew quadrilateral? 


> 


22.5 Resolution of a vector 


We first define collinear and coplanar vectors. 

Two or more vectors are said to be coplanar if they are all parallel to the 
same plane. 

Two or more vectors are said to be collinear if they are all parallel to the 
same line. 
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Given a vector r and any three non-coplanar vectors, a, 6 and c¢, then r 
can be expressed as the sum of three vectors parallel to a, 6 and c. 

Let a, 5, c, be unit vectors parallel to a, b, c, respectively. With any point 
O as origin construct a parallelepiped whose co-terminal edges OA, OB, OC 


are parallel to a, b, ¢ respectively, and whose diagonal OR represents r (see 
Figure 22.13). 


Cc 





Figure 22.13 
; > a> Ps 
Then there exist real numbers r,, r,, r, such that* OA =r,a, OB = 7,6, 


= 7” . eae . . = = . . 
OC =r, c. (r, is positive or negative according as OA is in the same or opposite 
direction to a, similarly for r, and r,.) 


— = => — 
r= OR =0OA+AD+DR 
Opposite edges of a parallelepiped are equal and parallel. Thus 
=> = = ~ 
AD=OB and DR=OC 
=> > = 
r= OA + OB + OC 
=r,a+ryb+r,¢ (22.5) 


r,a, yb, r,¢ are known as the component vectors and r,, ry, Tr, as the 
components of r in the three given directions. Only one such parallelepiped 
can be constructed and the resolution is unique. Thus equal vectors have 
equal components. Conversely, if all three components of two vectors are 
equal, the vectors are equal. 


CoROLLARY In two dimensions two non-parallel vectors a and 5 define a 
plane and any vector r parallel to that plane can be expressed as the sum 
of two vectors parallel to a and 5, that is 


r=ka+lb 
where k and / are scalars. 


The most important case arises when the three directions defined by a, 5, 
¢ are mutually perpendicular and form a rectangular frame of reference. The 
lines are labelled to form a right-handed set of axes, that is, rotation from Ox 
to Oy takes a right-handed corkscrew along Oz; similarly, a rotation from 
Oy to Oz takes a right-handed corkscrew along Ox; similarly for Oy (see 
Figure 22.14). 


*The symbo! = is now being used to mean represents. 
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Figure 22.14 


In this case, the unit vectors a, b and ¢ are known asi, j, and k (without 
circumflexes) and 


r=r,itnjt+rk 
r,, ry and r, are now referred to as the rectangular components, or simply, 


components if there is no fear of a misunderstanding. 
Now 


OR? = OB? + BD? + DR? (see Figure 22.14) 
= OB? + BD? + DR? 
= OB? + OA? + OC? 
rPartrtr (22.6) 
From which we see that the modulus of a vector r with rectangular 
components r,, r,, Tr, is 
r= Jr +r +72) 
(Note the positive square root.) 
It follows from the associative and distributive laws that 
RuLE I a+b=(a,+b,)it+ (a, + by)j + (a, + b,)k 
RULE II ma = ma,i+ma,j+ma,k (mscalar) 
Example 1 If a= 3i+ 4j— 12k, b=i4+ 12k, c=i—Jj+k. Find |al, |b, |cl, 
la + bland ja+ 5+ cl. 
From the equation |r| = ,/(r? + r? + r2), we obtain 
lal = /(3? + 4? + (—12)7] = 13 
6] = J/(1? + 07 + 122) = 4/145 
lel = J0I? + (-1)? +17] = 3 
la + bl = |4i+ 4| = (4? + 42 +07) = 4/2 
lat b+e = |Si+ 3f+k| = /(57 +37 417) =./35 
Vectors and the vector algebra we are developing are eminently suitable 
for work in three-dimensions (and can be generalised to n-dimensions). In 


the case of two-dimensional applications, the r, component is suppressed. 
Thus : 


Inl = J(rz +75) 
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In general, r = ai + bj + ck can be written as a column vector thus 


5 7 2 
Example 2. Given r, = [3 m= 2] ,f= ] , find (i) |r|, 
—2 1 —4 


(ii) \2r, + rl, (iii) |r, — rr. — 3r3|. (iv) Write in conventional form (using i, j, k) 
the unit vector parallel to the vector r, —r3. 


5 
(i) n= -5) 
—2 


= 5i—6j—2k 
Irs] = JCS? + (—6)? +(—2)7] 
= /65 


5 2 
(ii) 2r,; tr; =2 | -—6] + 2 
—2 —4 


= 2(5i — 6j — 2k) + (28 + 2j — 4k) 


= 124 10—8k 
|2r, +r] = /[12? +(—10)? + (-8)7] 
= ,/308 


5 7 2 
(iii) r,—r,—3rs= | -6| —|3] -3] 2 
23 1 4 


= (Si — 6j — 2k) — (71 + 37 + k) — 3(21 + 2 — 4k) 
= —8i—15j+9k 

r, —rz — 3r3| = JO(- —8)? + (— 15)? +97] 
= /370 


7 2 
(iv) fo. T3.= 3 — 2 
1 —4 


= (7i + 37 +k) — (28+ 2 — 4k) 
= 5i+j+5k 
ry —tsl = (5? +17 +5?) 


= /s1 
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Unit vector in the direction of (r, — r3) is 


2 ae r3) 5 : 1 _ 4 5 k 
ry J51 * Jat? * st 
= (5i+j + 5k)/,/51 
After practice it will be found that the transformation from column vectors 
to i,j, k form can be omitted. 
Example 3 Given that a = 2+ 3j-—k, b=i+ 2k, c =i + 2j, (i) show that 
there are no real values of the constants 4 and p such that c = Aa + yb (this 
proves that a, 5, c are non-coplanar). (ii) Express d = — 4j+ 8k in terms of 
a, bande. 
(i) Let c = Aa + pb, that is 
(i+ 2 + OK) = A(2i+ 3j — k) + wi + Of + 24) 
= (2A + pit 34+ (-—A+2p)k 

Since we have assumed the vectors are equal, the components are equal. 
Therefore 


1=22W+yn (i) 
%= 34 (ii) 
O= -A+2u (iii) 


From (i) and (ii), 2 = 3/2, » = —2. Substituting these values in (iii), 
—A+2yn = —54#0 


Therefore, no values of A, » exist for which c = Aa + wb. 
(ii) Let d = Aa + pb + ve, that is 


(Oi — 4j + 8k) = A(2i+ 3f —k) + w(i+ Of + 2k) + v(E+ 27 + OK) 
= (2A 4+ wt vjit+ (3A 4 2v)\j+ (—A+ 2y)k 


Equating the components 


2A+p+v=0 
3A+2v=—4 
—A+2u=8 
Hence 
A=-2 p=3 v=1 
and 


d= —2a+3b+c 


Exercises 22e 


1 1 2 
1 Given that @= 1)},6= |0|],c= Sti (i) a+ b— 3e, 
—2 1 3) 


(ii) |a+ 5+ cl, (iii) a— 26 + ¢, (iv) 2a + b + 2cl. 


442 Vectors 


2. 1 —5 
2 Given that a= fa)» | s) <= [=i], sn (i) a+ b+ 3¢, 
1 ~—1 1 


(ii) |e — al, (iii) 2a + b+ ¢, (iv) unit vector in the direction of 2a+b+c. 
3 Show that the vectors a=i+j—k, b=2i+k, c=3j+2k are non- 
coplanar (see Example 3) and express d = —i+ 15j+ 3k in terms of a, 5, c. 


5 2 3 
4 Show that the vectors a = ] ,b= | ,andc = 2) are non- 
—2 —1 0 


—2 
coplanar (see Example 3) and express the vector d= ] in terms of 
1 


a, b, c. 


3 2 5 
5 Show that the vectors a= [2 , b= =i] , c= [-# are 
2 


coplanar and hence express c in terms of a and 5. 


22.6 Scalar (or dot) product 


The justification for compounding two or more vectors by the triangle or 
parallelogram rule (see Section 22.3) was that this gave useful and practical 
results. The + and — signs from algebra were used to indicate such combina- 
tions. When considering how to ‘multiply’ two vectors, the criterion of the 
useful and practical is again applied. There are two ‘vector products’ which 
are mathematical models of practical results, the scalar (dot) product and the 
vector (cross) product. They are so named because the result of the first 
combination is a scalar and of the second a vector. In this book, we shall 
only consider the scalar product. 

The scalar product of two vectors a and 5 is the scalar quantity abcos 6, 
where a and b are the moduli of a and 6 and @ is the angle between them. 
The product is written as a.b and is sometimes referred to as the dot product. 


a.b = abcos@ (22.7) 


Note that the result is a scalar quantity. 

One use of this definition is seen when we consider the work done by a 
force F whose point of application moves a distance r in a direction making 
an angle @ with the line of action of F. 


Work done = (magnitude of force in the direction of motion) 
x (distance moved) 


= Fcos@xr 
= Frcos@ 


Using a vector notation because both force and displacement are vectors, 


F.r = Frcos@ = work done 
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From the definition, 
b.a = bacos 0 = abcos@ = a.b (22.8) 


that is, scalar multiplication is commutative. 
We note two special cases: 


(i) If 2.6 = 0, there are not just two possibilities, a = 0 or b= 0 but three 
because if 9 = 90°, cos 8 = 0 and again a. 5b = 0 even though both a and 
6 are not zero. Thus if 4.6 = 0 either a =0 or b=0 or 0 = 90° (the 
vectors are perpendicular). Conversely, if the vectors are perpendicular, 
6 = 90°, cos 0 = 0 and a.b = 0. 

(ii) If the vectors are collinear (see Section 22.5), cos@ = +1 and a.b= +ab 
according as they are in the same or opposite sense. 


In the case of the unit vectors i, j, k, since they are mutually perpendicular, 


ij=O0=ji 
jk=0=kj 
k.i=O=ik , (22.9) 


and 
Li=jfj=kk=1 | 
For any vector a, the product a.a = |a|?, which is often written a? or 


simply a?. 
Another interpretation of the scalar product is 


a.b = abcos@ =ax(bcos6) or bx (acos6) 
= a x (projected length of 5 on a) 
= a x (component of 5 in the direction of a) 


In the special case when either a or 5 is a unit vector, say a, then |a| = 1 and 


a.b = projected length of b on a 


Also, the component of a sum of vectors in any direction is equal to the 
sum of the components of the individual vectors in that direction. Hence 


a.(b+ c) = a x (component of 6+ ¢ in direction of a) 
=a x (component of 5) + a x (component of c) 


Therefore 
a.(b+c)=a.b+a.c 
Also, it is evident from the definitions of a.6 and Aa that 
A(a.b) = (Aa). b = a.(Ab) 


Thus scalar multiplication is distributive with respect to addition and 
commutative with respect to multiplication by a scalar, so that brackets can 
be removed and inserted as in ordinary algebra. 

Let 


a=a,itajtak and b=b,i+b,j+b,k 
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Then 
a.b = (a,i+ a,j+a,k).(b,i+ b,j + b,k) 
= a,b,.i+ a,byi.j + a,b,i.k + ayb,j.i+ aybyj J+ aybij.k 
+a,b,k.i+ a,b,k.j+a,b,k.k 
Therefore, using the set of equations (22.9) 
a.b = a,b, + a,b, + a,b, (22.10) 


Example 1 A force F= —2i+ 3j+ k units has its point of application moved 


from A to B, where AB = 3i+ Jj — 4k. Find the work done. 
By the definition of a scalar product 


work done = F AB 
=(—2i+ 3+ k).(3i+j—4k) 
=(—2 x 3)+(3 x 1)+ (1 x —4) by (22.10) 
= —7 units 
The negative sign indicates that the work is done on the force. 


Example 2 Find the resolved part of the vector a = 6i — 3j+ 9k in the 
direction of b= 2i+ 2j—k. 


Now 
|b] = \/(2? + 2? + 1?) 
=3 

Thus 
z 5 eee 
al ae wal 


The resolved part of a in the direction of 5 is 
a.b = (61 — 3j + 9k). (21 + 3j — k)/3 
=-1 
2 5 10 
Example 3 Show that the vectorsa= | 3] ,b= | —2] andc= | —13 
1 


are mutually perpendicular. 
We note that a# 0,5 #0,c #0 


a.b 


I 
CN 
—Wwh 
uy 
rs | 
| | 
hNOWN 
uy 


2x5+3x(—2)+1x(-4) 
=0 


Therefore, cos 8 = 0, i.e. 8 = 90°, and a and 6 are perpendicular. 
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Similarly 


(JER 


=2x 10+3 x (—13)4+1x 19 
=0 


Therefore, a and ¢ are perpendicular. 


a -3| : - 3] 


= 5x 10+(—2)(—13) + (—4)19 
=0 


Therefore, 6 and ¢ are perpendicular. 


Exercises 22f 


1 Given that AB ae baa 3k; AC = 3i— 4k, find (i) the length of the 
projection of AB on AC and (ii) the projection of AC on AB. 


2 re —4 
2 Three points A, B, C are such that AB = | +) ,BC= =) . Find 
1 1 


the angle ABC. 


2 1 11 
3 The vectors a= [2 , b= 3) ,c= > | are mutually per- 
q 


pendicular. (i) Find the values of p and q. (ii) Write down, in terms of i, 
Jj, &, unit vectors in the directions of a, b and c. 
4 aand bare two non-zero vectors. 
(i) If |a| = |6|, show that (a + 5) and (a — b) are perpendicular. 
(ii) If a and 6 are perpendicular, show that |a — b| = |a + BI. 
5 If a.b=a.c and a #0, what can be said about the relation between 
6 and c? 


3 
6 Find the resolved part of the force 2) N in the direction of the vector 


Q | 


7 Given that (a—h).(6—c)=0 and (6—Ah).(c—a)=0, deduce that 
(c —h).(a — 5) = 0. 
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6 1 
8 Show that the vectors a= 5) and b= ] are mutually per- 
3 —4 


17 
pendicular. A third vector c = P is perpendicular to both a and 6, 
q 


find the values of p and q. 


1 1 2 
9 Ifa= | | ,b= 3) ,c= [i , evaluate the following: (i) 2.5, 
—2 1 3 


(ii) 2a.(b + 3c), (iii) (Sa — 37b + 15c).c. 
10 Given that a = 2i+ 3k, b= Si—j+k, c=i+/J, evaluate (i) (a.b)c, 
(ii) (a.c)(b.c), (iii) (@ — c).(b — c), (iv) (ac). 


22.7 Position vectors 


Generally, a vector has both size and direction but is not fixed in space. 
However, if its point of application is given then it is known as a bound 
vector. A force is a bound vector because its point of application must be 
known. A particular case of a bound vector arises when a point O is taken 


as origin and the displacement vector OP is used to locate a point P. In 
=> 

this case, the vector OP is known as the position vector of P with respect to 

O. We shall use a, 5, ... for the position vectors of the points A, B, .... 


Example 1 The point R divides the straight line joining the points A and 
B in the ratio m:n. If A and B have position vectors a and 6 with respect 
to an origin O, find the position vector of R with respect to O. 


A R B 
ge 
e) 
Figure 22.15 


> —> 
Referring to Figure 22.15, since ARB is a straight line, AR and RB are 
collinear. Also 


AR _m 
RB on 
or 
nAR = mRB 
Therefore 
—> —> 
nAR = mRB 
or 


n(r —a) = m(b—-r) 
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Whence 


na+mb 
r= ——— 


(m+n #0) (22.11) 
m+n 


The result is true whether the ratio m/n is positive or negative. In the case 
of m/n negative, the point R is outside the segment AB. 
Note that if R is the mid-point of AB, m = nand r = (a+ b)/2. 


Example 2 Show that the medians AD, BE, CF of a triangle ABC have a 
common point of intersection, which divides each median in the ratio 2:1. 

Let the position vectors of A, B, C be a, 6b and c¢, respectively. Since 
D, E, F are mid-points of the sides BC, CA, AB, respectively, their position 
vectors are D, 4(6 +c), E, $(c +a), F, 4(a + 6) (see Figure 22.16). 








Figure 22.16 


Let G be the point which divides AD in the ratio 2:1. Then, by the result 
of Example 1, the position vector of G is given by 
_1lxa+2x}(b+e) 
= 1+2 
=(a+b+0)/3 
and the symmetry of this result shows that G lies on BE and CF and divides 
them in the ratio 2:1. 


If, in addition to the origin O, three mutually perpendicular unit vectors i, 
Jj, k specify a right-handed set of axes Ox, Oy, Oz (see Section 22.5 and Figure 


Zz 


P(xy,y,z) 








Figure 22.17 
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22.17), then the position of a point P can be specified by its perpendicular 
distances x, y, z from the three planes specified by (j, k), (&, é) and (i, j) 
(see Figure 22.17). 25 

rhe position of P(x, y, z) is specified by the position vector OP = p = 
xi + yj t zk. 

Note: care must be taken not to confus. the co-ordinates (x, y, z) of a point 


zy x 
P with the position vector OP written in the form of a column vector | : 
Zz 


even though the values of x, y and z are the same. 
Example 3 Referred to O as origin, A and B are the points (2, — 2, 1) and 
(6, —3, 2) respectively. Find the lengths of OA and OB and the area of the 
triangle AOB (leave the answer in surd form). 
a=OA=2i-Yt+k 
b = OB = 6i— 3 + 2k 
OA = lal = [22 +(—2)? + 17] =3 
OB = [6] = (6? + (—3)? +27] =7 
Let 0 be the angle between OA and OB. Then 


OA x OB x cos 6 = a.b 
3x 7xcos@=2 x 6+(—2)(—3)+1 x2 
21cos@ = 20 
cos 6 = 20/21 
sin 0 = \/(1 — cos? 8) 


= ./1 — (20/21)? 
= ./41/21 
Area AAOB = 40A.OB.sin 0 


=4x3x7~x ./41/21 


= ,/41/2 


Exercises 22g 


1 Cis a point on the line AB such that AC/AB = t(a constant). The position 
vectors of A, B and C are respectively a, b and c. Show that c = (1—t)a 
+ tb. 

2 Risa point on the line AB such that AR: RB = 3:q. The position vectors 
of A and B with respect to an origin O are respectively a= i—j +k, and 
6 = 2i+ j+ 3k. Find the position vector of R in terms of q [refer to 
Example 1]. If the lines OA and OR are perpendicular, find the value of gq. 

3 In a triangle ABC the altitudes through the vertices A and B meet in H. 
The position vectors of A, B, C with respect to H are a, b, c. Show that 
a.b = b.c=c.a and deduce that the other altitude through C also passes 
through H. 
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4 
4 The position vectors a, 6, c of three points A, B, C are a= 4 ‘ 
-1 


6 6 an 
b= | | ,c= 5) . Find the vectors AB and AC and deduce that 
—4 1 


AB and AC are at right angles. 

5 The origin of co-ordinates is O. A and Bare the points (2, 1, 2) and (2,9, — 6). 
Find the lengths of OA and OB and the area of triangle AOB leaving 
your answer in surd form [see Example 3]. 


22.8 ‘The vector equation of a straight line 


A straight line can be uniquely specified in a number of ways, for example, 
by (a) its direction and the position of a point on it, and (b) the position of 
two points on it. 

The equation of the straight line is obtained by expressing the position 
vector r of a general point P on the locus in terms of the given conditions. 
To find the vector equation of a straight line through a given point A(a) 
and parallel to a given direction 5, proceed as follows. 


A 


fe) a 
Figure 22.18 


—s 

Let P(r) be any point on the line, then AP is parallel to 5 (see Figure 

22.18) and is therefore equal to tb, where t varies according to the position 
of P. Now 


ad > > 
r=OP=OA+ AP 
therefore 
r=a+tb (22.12) 


which is the required equation. 
For the particular case of a straight line through the origin, a = 0 and we 
have 


r=tb (22.13) 
(Note: t is not equal to AP unless 6 is a unit vector.) 


Example 1 To find the vector equation of a straight line through two given 
points, A(a) and B(8). 





Figure 22.19 
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We note that AB = b—a (see Figure 22.19), so that we have a straight 
line through A(a) parallel to 5 — a. Its equation is therefore 
r=a+t(b-a) 
or 
r=(1—t)a+tb (22.14) 
Example 2 The lines L, and L, have vector equations 
r, = (38+ 2j + 3k) + t(§+ 2k) 
and 
r, = (10i—j + 2k) + s(3i—j +k) 


where t and s are parameters. Show that L, and L, intersect and find the 
position vector of their point of intersection. 

As the parameter t varies, r, gives the position vectors of points on L,. 
Similarly, as s varies, r, gives the position vectors of points on L,. If the 
lines L, and L, intersect then for some values of t and s,r, and r, are identical. 
Thus 

r, =P, 
(34+ 2f + 3k) + t(i+ 2k) = (10 —j + 2k) + s(3i-—j + kh) 
(3 + tit 24+ (3 + 2t)k = (10 + 3s)i+ (—1—s)f+ (24+ 5)k 


For this to be true all the components of the vectors must be equal. 
Therefore, for the same values of s and t 


3+t=10+3s (i) 

2=-—-Il1-s (ii) 

3+2t=2+s (iii) 

From (i) and (ii), s = —3, t = —2 and substituting these values in (iii) we 


have 
3+ 2(—2) = —1=2+4+(-3) 
and the lines must meet. To find the position vector of the point of intersection 
we substitute t = —2 in r;, 
r, = (38+ 2j + 3k) — 2(i+ 2k) 
=i+2j—k 
Check Substitute s = —3 in r, 
r, = (10i—j + 2k) — 3(3i-j + &) 
=i+2j—k as before 


Exercises 22h 
1 Show that the lines 
r= (26+ 2j — 4k) + t(§+ 3f — 3k) 
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and 
r=(i+jt+hk)+s(it+ 2j— 4k) 
intersect and find the position vector of their point of intersection. 
2 If the lines r = (6+ 2+ A) + t(i—2j +k) and r = 27+ s(i+ pj + 2k) inter- 
sect, find p and the position vector of their point of intersection. 
3 The lines L, and L, are given by the equations 


“OO =-l 


(i) Show that the lines do not intersect. 
(ii) Calculate the acute angle between the directions L,, L3. 


; 1 
(ili) Verify that the vector a = 1 | is perpendicular both to L, and to L,. 
1 


4 A is the point (3, 2, 1) and B is the point (5, 4, 0). Find a vector equation 
for the line AB. Write down the co-ordinates of any point P on the line 


AB in terms of the parameter. Using the scalar product of OP and AB 


find the value of t when OP is perpendicular to AB and hence the co- 
ordinates of the foot of the perpendicular from O to the line AB. 

5 Find the point of intersection of the line through the points (4, —2, 5) and 
(—2, 1, —1) and the line through the points (— 1, —3, —3) and (8, 3, 15). 
Calculate the acute angle between the two lines. 


22.9 The vector equation of a plane 


A plane is completely specified when the length and direction of the 
perpendicular from the origin to the plane (the normal) are known. 


Let O be the origin, ON, the perpendicular from O to the plane, have length 
a and & be a unit vector in the direction ON (see Figure 22.20). 





Figure 22.20 


Then if r is the position vector of f any point P on the plane, the resolved 
part of OP in the direction ON is always equal to a, that is 
r.i=a (22.15) 


which is the equation of the plane. 


452 Vectors 


Note that # = n/|n| and therefore 


r.n/|n| =a 
r.n=aln| 
r.n=b (22.16) 


is another form of the equation where b/|n| is the perpendicular distance from 
the origin to the plane. 


Example 1 O is the origin. A plane passes through the point A(3, 2, —6) 
and is perpendicular to OA. What is the equation of the plane in vector form? 


ae 
OA = 31+ 2j— 6k 


and because it is perpendicular (i.e. normal to the plane) we denote this by 2: 


n= 314+ 2j-— 6k 
n= J[3? +2? +(-6)] =7 (i) 
f = (31 + 2j — 6k)/7 (ii) 


From (i) and (ii) the required equation is 
r.(3i + 2j —6k)/7 =7 
or 
r.(3i + 2j — 6k) = 49 


Example 2 O is the origin of co-ordinates. A plane P passes through the 
points A(5, 4, 0), B(2, 4, 3), C(6, 0, —3). Find the equation of the plane P. 


AB =(2—5)i+(4—4)j+(3—O)k 


fy —3i+ 3k 
BC = (6—2)i+(0—4)j+ (—3 —3)k 
= 4i— 4j — 6k 


Let 
—_ 
n=ON =i+/A+ wk 


If ON is perpendicular to both AB and BC, i.e. perpendicular to the plane, 
then 


i ers 
ON. AB = (4+ Aj t+ wh). (—3i+ 3k) = 0 


—3+3u=0 (i) 
and 
= = i A 
ON.BC = (+ 4j + nk). (4i— 47 — 6k) = 0 
4—4,—6n=0 (ii) 
From (i) and (ii), A = —3, w = 1. Therefore, n = i—4$j+ k is perpendicular 


to the plane. 
|| = /[1? + (—4)? +17] = 3, 
f= Hi-3j+h) 
= (2i —j + 2k)/3. 
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Now OA = Si + 4j and the projection of this in the direction of ON is 
(Si+ 4j).(2i—j + 2k)/3 =2 


which is the perpendicular distance from O to the plane. Therefore, the 
required equation r.# = a becomes 


r.(2i—j + 2k)/3 = 2 


or 
r.(2i—j+ 2k) =6 
2 
Example 3 Given that P is the plane r. | 6 | = 33, A is the point with 
9 


co-ordinates (5, —1, 2) and O is the origin of co-ordinates, find 
(i) The perpendicular distance from O to the plane. 
(ii) Write down the equation of the line L which passes through A and is 
perpendicular to the plane. 
(iii) Find the co-ordinates of the point B where the line L meets the plane P. 
(iv) Find the position vector OC = c, where C is the reflection of A in the 
plane P. 


(i) The equation of the plane is 


2 
r. q = 33 (i) 
9 


2 
so the normal to the plane is a = 6] 
9 


In| = ./(27 +67 +9") = 11 
Dividing both sides of (i) by 11 


1 2 
ray 6} = 33/11 =3 
“Hed 


r.a=3 


The perpendicular distance from O to the plane is 3. 
(ii) The line L is perpendicular to the plane P and is therefore in the direction 


2 
of its normal, vector q . It also passes through the point A(5, —1, 2). 
9 
= 5 
Hence OA = | —1 | . The equation of L is 
2 
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(iii) The point B lies on both the plane P and the line L and hence its 
position vector 5 satisfies both equations, therefore 


2 
b. 5] = 33 (ii) 
9 
5 P 
b= [1 ++ [6] (iii) 
2 9 


2 
Taking the dot product of both sides of (iii) with the vector 6] : 


gC eeU edad 


and 


2 
From (ii), 5. 6] = 33 and evaluating the dot products we have 
9 
33 = (10 —6 + 18) + t(2? + 6? + 97) 
33 = 224 121t 
1/ll=t 


Therefore, the required position vector is 






° 


Figure 22.21 
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(iv) Refer to Figure 22.2]. In the triangle OAC, B is the mid-point of AC. 
Therefore 


Exercises 22i 


8 
1 Find the acute angle between the normals to the planes P,, r. | | = 


—4 
—2 
36 and P,, r.| —2 | = 27. [This is also the angle between the planes. ] 
1 


2 2 
2 Explain why the two planes P,, r. | 4 = 6, and P,,r. 4 = 15, 
-1 —1 
are parallel. Find the perpendicular distance between them. 
3 O is the origin. A plane passes through the point A(2, —6, 9) and is 
perpendicular to OA. Find its equation. 
4 Ois the origin. A plane passes through the points A(l, —9, — 6), B(1, 3, 6) 
and C(7, 0, 6). Find the equation of the plane. Show that the point A with 
7 
position vector a = | -*] lies on the plane. 
0 


2 15 
5 Prove that the two planes L,,r. 4 = 55,and L,,r. | | = 44, are 


-9 4 
perpendicular and find their perpendicular distances from the origin. 
2 5 
6 Two planes P,, r. [3 = 12, and P,, r. [=i = 8/3, intersect in 
5 1 


the line L. Show that both the points A(4, 2, 2) and B(7, 4, 2) lie on L 
and hence find the equation of L. 


3 1 
7 Find the point of intersection A(a) of the line L, r = q +t | -2] ; 
1 1 
3 
and the plane P, r. | 2 | =7 [see Example 3]. 
2 


8 Prove that the line L, r = (28+ J) + (3+ J + 5k) lies wholly in the plane 
r.@i+2j—k) =4. 

9 What is the condition that the line L, r = a + tb, is parallel to the plane 
P, r.m = k? If the line L lies wholly in the plane show that k = a.n. 
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1 2 
10 Prove that the line L, r= 2] +t =] , Is parallel to both the 
3 1 


0 —1 
line of intersection of the planes P, and P,. 


1 2 
planes P,, r. 2] = 5, and P,, r. | ] = 5. Also show that L is the 


Exercises 22 


1 Show that ja + 6 + c| <|a|+ || +c], where a, b,c are any three vectors. 
2 If a and 6 are two vectors such that |a| = |b| = la — | find the angle 
between a and 5b. 


3 ABCDEF is a regular hexagon. If AB, BC, represents yectors a, 5 
respectively, find the vectors represented by DE, FE and DF. 

4 Simplify the following expressions: 

(i) 2(a+ 25 + c) — 3(5a — 6c) + 4(a — b — 4c) 
(ii) (6a + 86) —(at+ b+ 0) + 3(a—b+o). 

5 ABC is a triangle and the perpendiculars from A and B to the opposite 
sides meet at H. The position vectors of the points A, B, C, H with respect 
to an origin O are a, 5, c, A respectively. Prove that 

(A —a).(c —6) =0 

(A — 6).(a—c)=0 
and deduce from these that 

(A —c).(6—a) =0 
What is the geometrical significance of this result? 


2 1 3 
6 Given the vectors a= | , b= [= and c= | 4 , find a 
1 5 —2 


vector p which is perpendicular to both a and 5b. Hence show that c is 
not coplanar with a and 5. 


1 
7 The position vectors of the four points A, B, C, D are OA = 9 ‘ 


1 7 1 
OB = 3) , OC= q ‘ OD = | ] respectively. Calculate the 
6 6 —2 


lengths of the projections of each of OA, OB, OC in the direction OD. 
What two conclusions can be deduced from the | results? 

8 PABC is a tetrahedron and the displacements PA, PB, PC represent the 
vectors a, b, c respectively. Given that two pairs of opposite edges are 


perpendicular prove that the third pair of opposite edges are also 
perpendicular. 
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4 


9 The equation ofa plane Pisr. | 4 = — 20. Write down a vector equation 


10 


11 


12 


13 


14 


15 


16 


1 


for the line L which passes through the point (5, — 1, 4) and is at right- 
angles to the plane P. Using vector methods find the position vector a 
of the point A where the line L meets the plane P. 
1 
Given the plane P, r. | ] = 51, and the point A whose_position 
—4 
2 
vector is a= | —1 |, find the position vector c of C, the reflection of 


A in the plane P. [See Example 3 (iv).] 


5 —1 
The equation of a line L is r= | +t 4 . Show that the points 
2 ~—2 
B(4, 3, 0) and C(—1, 13, — 10) lie on the line and that the length of BC 
is 15 units. 
Given the points A(O, — 1, 4), B(8, 7, 0) find a vector equation of AB in 
terms of a parameter t. O is the origin of co-ordinates. Find the co- 
ordinates of a point N on AB such that ON is perpendicular to AB. 
Deduce the co-ordinates of the reflection of O in AB. 
A plane passes through the point with position vector a and is per- 
pendicular to the direction of a. If r is the position vector of a general 
point on the plane, write down the equation of the plane. 
O is the origin, the position vector of a point A is a and @ is the unit 
vector along a line OL. The point B is the reflection of A in the line OL 
and C is the point where AB meets OL. Find the position vector of C 
with respect to O. By completing the parallelogram OALB, or otherwise, 
show that the position vector 5 of B is given by 5 = 2(a. é)# — a. 
Given that the vector a =(1, u, v) is parallel to the two planes P,, 


2 1 
r. 5) = 3, P,, r. 2] = 2, find the values of u and v. Verify that the 
4 3 
1 
point D with position vector d= | —1 | lies on both planes and hence 
1 
write down an equation for L, their line of intersection. Show that a third 
5 
plane P3, r. 5] = 4, also passes through L. 
3 


3 1 
The equations of two skew* lines are L,, r= 2) +t 5] , 


* That is, no plane contains both lines. 
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—5 1 1 
L, r= -*] +s ] . The vector p = : is perpendicular to both 

0 1 b 
lines. Find the values of a and b. Find also the vector a represented by 
the line joining the point (3, 2, 1) on L, and (—5, —4, 0) on L,. Calculate 
the projection of @ in the direction p. (This is the length of the 


common perpendicular to L, and L,.) 
17 Show that the three lines joining the mid-points of opposite edges of a 


tetrahedron ABCD meet at a point. 
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Exercises 1h 


1 1:87 2 1-64 
12 6 0-431, 0-683 
3 


5 
9 ./3,9 10 x = 1-92, y = 0:66 


Exercises 1 


1x=3,y=3x=3, y=§ 
3 -1:-71 


3 y 
2x°z8 > quiz 19/12 


3 312 
6 (x — 1)(x? + 4) 
8 (x — 2)(3x — 4)(4x + 3) 
10 2x+5 














2x-1+ g — g 
x+1 x-l 
1 2 4 
4—_ — ——_ — 

x-1l x41 x+3 
1 1 
2x+1 x? 42x43 

1 1 2 
i- + 
(x+1)* x+1 2x-—3 
1 2 1 





xt+1 Gti?! &FIP 


13/12 

: 44 

3 1-386, 2:89 
3187,-511 41,2 
73 8 2 


2a=2,b=3,c=2,d=1 
424+,/5 


5x=+4a, y= t+a,x = +§a, y= +4a 





3 _ 3x+1 
x—-3 x?4+4 
8 1, _2, ritvi3 


10 x >6, -6<x< —-2 
224,12 
15 27-13 


Seren 2 2 yas 
3-y I-y (1—y) 
11 x>1, -3<x<0 


13 1,5 
16 —4<x<*,x>3 


9 


Answers 461 
20 6 21 eae Se yel 5+ y21 
2 2 
22 4, 6 23 —0-358 
24u=6,v=6,u= —3(1+/5), v= —3(1 F JS) 
25 3,11 28 y<-5 or y>4 30 1 
31x=-l,y=2x=-},y=2 
32 x = 1-42, y = —0°58 
33 2<x<3,x>4 34 -2 36 F<y<4 
39 —2, —4,3,2 40 a=3,b= —4,c = —12 
4A Wex<ipx#3 42 —-2<x<2 
43 y=9,z7=4 44x=7,y=2 or x=-3,y=3 
45 13 46x=9,y=-8x=y=}? 
47 x=3,y=9, y=9,x= 48 a=6,n=—} 
499x=2,y=-1x=3,y= 50 -4<x<4,x>5 
Chapter 2 
Exercises 2a 
1 (i) 2, 5, 8, 11, 14 (ii) 1, —4,3, —a4, & (iii) 3, 8, 17, 32, 57 
2 (i) r? (i) (-1)'*?r? (iii) 314)" 
3 1, 2, 3, 5, 8, 13, 21 
4a=3,b= —4; -17 
5 (i) °° —1 (ii) 2r (iii) P37 + 2r—1 (iv) 3’ (v) —(—2)" (vi) 3° —(—2)" 
(vii) —(—6)" 
6 0, 2, 2,0, —2, —2;0 
7Ta=3,b= —6,c = 3; 90, 258 
8 (i) 85 (ii) 363 
9 3r?7-3r-1 
Exercises 2b 
1 —3, 1,5 
2 -1, 6, 13 
3 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 
4 206 
5 10,7 
6 —n’ 
7 (i) 124 (ii) (Sn? —9n)/2 (iii) (n — 3n?)/2 
8 1980 
9 (i) 4n(3n +1) (ii) ———-~ ns fey (iii) 3(a — 2b)n? + 3(5a — 2b)n 


10 (i) 4950 (ii) 1683 (iti) 4215 


Exercises 2c 

1 1, —4, 16 2 -41, -3 
3 10, 20, 40 4 —729 
$22 6 3[1 — (49) 


462 Answers 





7 121(1 + ,/3) 8 2,9 
10 7, 2 
Exercises 2d 
x7 +4 
1 . oe 1 eee 6. hears a: 
) 1+x (i) ¢ (it) ty x?-2x4+4 
3 3% 5x<-} or x>4 


Exercises 2 


1 5, 7,9 
2 6,3 


1-r" 
4 ar"! ( 1- “) 
4 nlogar™~ 1)? 
§ (i) 7p +7 (ii) (7p + 7)(10p + 11) 
6 (i) 247500 (ii) 250000 (iii) 1020 
8 a+(n—1)d; n+ (n—1)2"—1) 
10 20, 79 
1 S=45,5,5 
12 9 or more 
13 7, 360 m 
14 332, 667 
15 r= —4; 4a 
16 (i) 2 (ii) 4, 2-4 cm 
17 ant we, a=8,r=2,S,, = 10670 
18 75, 19-999 98, 9 
20 -—$<x<1 








2 _ 
21 3(n —m+1)(n+m) (i) rot (ii) Ap? + 1)(r) 
23 (i)x>0 (ii) x>0 or x<—} 
24 (i) = (ii) ane? Gti) 5 ao 


ao 4/2 é 
28 1, eek (i) $+3./2 (ii) —35+ 48/2 


30 —-2<x<2;6 


31 T, = 4n—1; 3, 4; 23 


32 i 33 (i) 1,4;1,3 (ii) is 
34 —n—2n? 35 —3, 3 205 
Chapter 3 


Exercises 3a 


1 (@) 1+2x+x? (ii) 1+3x+3x? +x? (iii) 1 + 4x + 6x? + 4x3 + x* 
2 (@) 14+8x 4+ 28x? + 56x? + 70x* + 56x> + 28x® + 8x7 + x8 
(ii) 1 + 9x + 36x? + 84x3 + 126x* + 126x> + 84x®° + 36x? + 9x® + x9 


Answers 463 


4 (i) 153 (ii) 55 (iii) 1287 (iv) 36 
5 (i) 1+ 12x + 54x? + 108x> + 81x* 
(ii) 1 — Sx + 10x? ~— 10x? + 5x*— x? 
(iii) 1 — 14x + 84x? — 280x? + 560x* — 672x> + 448x° — 128x’ 
6 (i) 81+ 108x + 54x? + 12x? + x4 
(ii) 64 — 192x + 240x? — 160x3 + 60x* — 12x5 + x® 
7 (i) 8x? + 36x?y + 54xy? + 27y? 
(ii) 16x* — 160x3y + 600x?y? — 1000xy? + 625y* 
8 1140 480x3 
9 +2 
10 22680 


Exercises 3b 


1 1+ 6x + 18x? + 32x3 + 36x* + 24x5 + 8x6 
2 1—4x + 14x? — 28x? + 49x* — 56x5 + 56x® — 32x7 + 16x8 
3 80 
4 1+ 6x + 15x? + 20x? + 15x* + 6x5 + x® =(1 + x)® 
5 3060 6 105x!°/32 7 2160 8 — 360 
9-1, -8% 
10 x7 + 14x®y + 84x5y? + 280x4y? + 560x3y* + 672x7y> + 448xy® + 128y7; 
1-149 


Exercises 3c 
1 14+x—x? + 3x3;'1-0099 2 0-9355 
4 (i) l—-x+x?-x3 4+ x4-—x54... 
(ii) 1 — 2x + 3x? — 4x3 + 5x*4... 
3.4 4.5 


(iii) 13x +—-x? faye wee 
5 (i) as: + 9x? — 27x3 + 
x3 x6 
e+ ia tat 
(ii) ne 
27 22 81 
6 |x| <3 7 i <f 


9 34+ 5x + 9x? + 17x3 + 33x* 


Exercises 3 


1 1—5x + 20x? — 50x? + 105x* 
2 9:9499 
32x34 4.000667 


5 1 2 Tame by : 
T+x1-3x *(—3y 3-3) ba 


464 Answers 





. Joe" Tx  175x? 
tee | 24 ees 
8 2( 3 =) ur a le a 
10 § 15 10198 16 24 
17 1+3x + 5x? + 3x3 18 1+ 2x —2x?+ 4x3, 2-4495 
19 3-317 20 p= —6, q=11 
26 1 + 4x + 48x? + 15x3 27a=+8 b= F323 
28 1 rm 2 ney 5 19x 53x? 
x-3 x4+T 3 9 27 
29 38 30 a= -2, b=-1; 3 
Chapter 4 
Exercises 4a 
1 (i) 3+0i- (ii) +3 + 03 
(iii) 0 + i,/30 (iv) —3 + i/31/2 
(v) 0+ 7i (vi) —1+i/7 


(vii) —2+ 61 (viii) 4 + i./3/2 


Exercises 4b 


1 (i) 3 (ii) 18 —i 
2 (i) 14-23 (ii) 12 — 163 











3 —343i 

4(i) 2 (ii) -2+2i ~~ (iii), — 4 
. -1-4li  . —-7-17i 

6 (i) 3 (ii) oo 

8 +(7+3i), +(6—i) 

9 (i) x5 — 10x? + 5x — i(Sx* — 10x? + 1) (ii) vs 
fee oa Ss Ta) re jes toa! 
(iti) —1 (iv) ; (v) a (vi) 125 


Exercises 4c 


2/13, J17, 45, /2 
3 (i) 2-31) (i) 34.28 (iti) —2 +33 
5 +24 


Exercises 4d 


1 (i) 3+ 4i (ii) 6 — 4i (ili) 3 — 7i 
2 (i) 4-23 (ii) —6 + 3i (ili) 4 + 8i 
3 (i) 12+ 15i (ii) —10 + 8i 

42+ 23i 


6 (3 + 2i)/13 


Answers 465 
8 y=0 9x=0 10 x? + y?—8x+2y+9=0 


4 
3x=0 M4x2+y?=16 15 -i, eee 


Exercises 4 


1 (i) 1-i (ii) 14+ 2i (iii) —1 + Oi 
2 +(3+i) 

3 (—7 + i/31)/2; —7, 20 

430r0 

5 cot40 


. -y? —2xy 
6 3 3 7 3 24, 3 : 
(i) x xy x"y y (ii) = 2 =<. (x? +p) 
7 Length of a diagonal of parallelogram sides represented by z, and z, 
9 2x? + 2y?-5x+2=0 
10 (i) 3 (ii) a? +b? 
11 -~24+4i 
; . ~1— 9 sd 53 — 
13 (i) 2-118 Gi) — fii) 57 i (iv) = 





14x=-—-5S, y=-10 


1, v3 
17 3+i 7 
18 (i) (18 +)/25 

(ii) (a) 4-7i = (b) 744i 0) (0) —7— 4 
19 Circle has equation x? + y?—4x—4=0 
21 —i(/2 + 1), i(/2 —1) 
25 B(4+i); C(5+2i) or B(2+3i); C3+4i) 


26 -34 43, 1+ i/3,3 sl +B, 28 


27 x? + y? + 10x + 16 = 0, (—48, —#2 
28 (i) —1, —i; 3/4 (ii) 2, sae se —10 


pon sphere ao!) +a (gant) 
30 (i)x= +2, y= +1; ytd) 





(ii) 2, 1 —i 


466 Answers 


Chapter 5 
Exercises 5a 
1 0,3 2 -4,5 3k>2 or k<—-10 
42 9 1,-3 
Exercises 5b 
4 _ b2 
g tee 51g 61) 10 200K <5 





4a 


Exercises 5c 
2 (i) x? — 19x +25 =0 (ii) 25x? + 72x -5 =0 
3 (ij) q=0 (ii) p=r 


2 
5 (i vp ij 7 =P) 
2_4 2_4 
(iii) J(q : pr) (q? — pr) (iv) age a) (q? — 2pr) 
Pp P 


7 ac*x? + b(b? — 3ac)x +.a’c =0 
9 ac(p +4) = b’pq 
10 x?—5x-—14=0 


Exercises 5 


1 (i) x?-—6x+4=0 (ii) x7+4x-—14=0 
(iii) x? — 2ax + a? — 4b? =0 
3 4 when x = +3 4 px? —3(p+q)x+7q=0 
5 —1,-§ 
8 7p’, 5p; x? —21,/Sp?x — p* =0 
9 0. 


> 


Wk<—-}, k>3 
B(i)k<lork>9 (i) k>O 14a+b=0 
16 x? + x[p—/(p? — 4q)] — py(p? re 0 


18 —22 
20 (I,n, — 1,2)? = (mynz — m2n,)(l,;m, — 1,m,) 


21 0, 3, 8 25 -10<k<2 
26 (a) a*cx? + b(b? — 3ac)x + ac? =0 
(b) p< —1; values are < —2 and <6 
27 (bt) k<O or B3 (c) k>3 
28 (i) p= —4, q=1; p=3, = -3 
(ii) qx? + p(q + 2)x +(q?7 +4q4+4)=0 
29 (a) 0,k —2 (b) k=7, —# (c) —4 
30 x?-—7x+1=0 


Answers 


Chapter 6 

Exercises 6a 
1 (i) 183°21’ (ii) —90° 32’ (iii) 36° 
2 (i) 4-102 (ii) 0:2455 (iii) — 2:2369 
3 (i) 129° (ii) 4 radian 
5 (i), (ili) and (iv); (ii) and (v) 


Exercises 6b 


1s 5 12 B 13 
T3> ren Ss 12) 5 


2 3//13, 2/13 
3 (i) a*sin?6 ~— (ii) _ sin @ 
4 (i) (cos? @)/a?_ _— (ii) secO 
st ied 
5 (i) 3—2c—3c? (ii) ee (ii) Fa 


Exercises 6c 


1 (i) 03420 (ii) 07660 (iii) —0-3640 (iv) 0:3420 
2 (i)—cos 10° (ii) —tan 50° (iii) cos 60° (iv) —sin 20° 


6 (i) -—1 (ii) 1/2 ii —/3 (iv) —/3/2 

7 (i) 0 (ii) —1 (iii) 0 (iv) —1 (v) 0 (vi) 1 
8 — 3 Sa) 3 

5,5 


Exercises 6d 


3 They coincide 4 They coincide 
5 (i) ./3/2 (ii) 1 (ili) —1 (iv) —4 
(v) 8 (vi) /3 (vii) —1 (viii) 1/2 


Exercises 6e 


1 (i) &3 (ii) $3 (iii) —3§, No 
24 
3 (i (J3—1/2/2 (ii) Q/3 + 1)/2,/2 
6 (i) sin 10° (ii) —cos 70° 
7 (i) cos 10° (ii) —sin 50° 
8 (i) tan 70° (ii) tan 30° 
18 (i) sin Acos Bcos C + cos Asin BcosC + cos Acos BsinC 


— sin Asin BsinC 
(ii) cos Acos Bcos C — cos A sin Bsin C — sinA cos BsinC 
— sin Asin Bcos C 


Exercises 6f 
Aa 1 a2 
3 3, 3/ ay. 10, 3 3 


467 


468 Answers 


141) 1 1—t) 
15 (i) cr = (ii) a“ mae (ii) c = 





Exercises 6h 


1 (i) /2sin(@+45°) (ii) /2cos(@ — 45°) 
2 5cos(6 + 53°8’) 

3 ,/13sin(0 — 56°19’) 

4 5sin(20 + 36°52’) 

5/10, 18°26 


Exercises 6i 

1 (i) 2/4 (ii) 7/4 (iti) 2/3 

2 (i) —72/4 (ii) —2/6 (iii) 7/6 
74 


Exercises 6j 
3 30°39’ 4 131m 5 19-5’ 


Exercises 6 
2 (i) 08988 (ii) —0-9336 (ili) 6°3138 (iv) 0:3256 
3(i) -3 i) -$ Wi) -H Os ) - 


s J(1-s?) 

4 6= /(1—s? = —__— a Senta 

cos J(1 —s?), tané Tas’ cot 6 — 

a pes 

: ~ (1 —s?)’ 2 ~ s§ 
p? +q? —2q 
p? +q? +24 


16 2—,/3, (/6—./2)/4 


15 (123°41', —,/52), 33°41’, 213°41’ 


. 3tanA—tan?A 1—tan? A wa kyl (4—k?) k*— 4k? +2 

Ee re ee PUN ten Ave eres eed 
) 1—3tan?A ”° 2tanA (id) k?-2 ” 2 

28 in 

29 m — aresin 2x,/(1 — x?), arccos(2x? — 1) for all x 

32% 

33 3 + 3cos20 + 4sin 20 = 3 + Scos(20 — 53°8’) 
Max 8 when 6 = 26°34’, min —2 when @ = 116°34’ 

38 R= ,/5/2, tana =4; 1+./5/2, 76°43’ 


a 2a—b+a?b 


2 b’ 1+ 2ab—a? 


Answers 469 


Chapter 7 
Exercises 7a 
1 n180° + (—1)"56°12’; 56°12’, 123°48’ 
2 n360° + 44°34’; 44°34’, 315°26’ 
3 n180° + 64°42’; 64°42’ 244°42' 
4 n360° + 123°54’; 123°54’, 236°6' 
5 n180° —(—1)" 28°31’; 208° 31’, 331° 29’ 
6 n180° — 16°42’; 163° 18’, 343°18’ 
7 n60° +(—1)"10°; 10°, 50°, 130°, 170°, 250°, 290° 
8 n30° — 8°29’; 21°31’, 51°31’, ..., 351°31' 
9 n1800° + 150°; 150° 
10 n180° + 15° + 27°50’; 42°50’, 222°50', 167°10', 347°10 
11 n180° + (—1)"54° 24’ — 18°3’; 36°21’, 107°33’ 
sr y ; 0°, 30°, 180°, 90°, 360°, 150°, 210°, 270°, 330° 
13 36n°; 0°, 36°, 72°, ..., 324°, 360° 
14 90n° + 45° or 180n’ — 90°; 90°, 270°, 45°, 135°, 225°, 315° 
n180° + (—1)"90° 
15 og fo} te} fo} fo} ° 
34X01" 18°, 90°, 162°, 234°, 306 
16 (2n + 1)18°; 18°, 54°, 90°, ..., 342° 
17 90n° or (2n + 1)30°; 0°, 90°, 180°, 270°, 360°, 30°, 150°, 210°, 330° 
18 90n" or (2n + 1)224°; 0°, 90°, 180°, 270°, 360°, 224°, 673°, ..., 
3375° 
19 (i) n360° + 120°; 120°, 240° (ii) n180° + 60°; 60°, 240° 
20 n360° — 120°; 240° 


Exercises 7b 


1 n180° + 45° or n180° + 26° 34’; 45°, 225°, 26° 34’, 206° 34’ 
2 n180° + 60°; 60°, 120°, 240°, 300° 
3 n360° + 60°; 60°, 300° 
4 n180° + 66° 2’; 66° 2’; 246° 2’ 
5 n180° + (— 1)” 14° 29; 14° 29’, 165° 31’ 
6 n180° + 30°; 30°, 150°, 210°, 330° 
7 n180° + (—1)"90°; 90°, 270° 
8 360° + 78° 28’; 78° 28’, 281° 32’ 
9 n180° + 40° 54’; 40° 54’, 139°6’, 220° 54’, 319° 6’ 
10 n180° + 14° 2’ or n180° + 123° 41’; 14° 2’, 194°2’, 123° 41’, 303° 41’ 
11 180° + 45° or n180° + 171° 52’; 45°, 225°, 171° 52’, 351° 52’ 
12 n90° + (—1)"9° or n90° — (—1)"27°; 9°, 81°, 189°, 261°, 117°, 153°, 297°, 
333° 
13 n90° or n180° + 60°; 0°, 90°, 180°, 270°, 360°, 60°, 120°, 240°, 300° 
14 n180° or n360° + 80° 24’; 0°, 180°, 360°, 80° 24’, 279° 36’ 
15 n60° —(—1)"30° or n60° + (— 1)" 6° 29’; 90°, 210°, 330°, 6° 29’; 53° 31’, 
126° 29’, 173° 31’, 246° 29’, 293° 31’. 


470 Answers 


Exercises 7c 


1 
2 
3 
4 


5 


oon a 


10 


n360° or n360° + 180°; 0°, 180°, 360° 
n180° or n180° + 108° 26’; 0°, 108°26’, 180°, 288° 26’ 
n180° + 45° or n180° — 18° 26; 45°, 225°, 161° 34’, 341° 34’ 
n90° — 31°43’ or n90° + 35°47’; 58°17’, 148° 17’, 238° 17’, 328° 17’, 
35° 47’, 125° 47’, 215° 47’, 305° 47’ 
n180° + 45° or n120° + 20°; 45°, 135°, 225°, 315°, 20°, 100°, 140°, 220°, 
260°, 340° 

ni80° 
2-3-1)" 
n360° + 180°; 180° 
n90° or n90° — (— 1)" 15°; 0°, 90°, 180°, 270°, 360°, 105°, 165°, 285°, 345° 
n180°, n180° + (—1)"90°, n180° —(—1)" 30°; 0°, 90°, 180°, 360°, 210°, 
330° 
n90° + 15°; 15°, 75°, 105°, 165°, 195°, 255°, 285°, 345° 


(2n + 1)90° or 0°, 36°, 108°, 252°, 324°, 90°, 270°, 360° 


Exercises 7d 


— 


2 
3 
4 
5 
6 


7 
8 


n360° + 26° 34’ + 63° 26, 90°, 323°8’ 

n360° + 53°8’; 53° 8’ 

n360° + 60° — 16° 16’; 43° 44’, 283° 44’ 

n720° + 112° 38’ + 112° 38’; 0°, 225° 16’ 

n180° + 33° 27’ — 5°40’; 27° 47’, 207° 47’, 140° 53’, 320° 53’ 
n360° + 36°52’ + 78° 28’; 115° 20’, 318° 24’ 

n120° — 15° + 45°; 30°, 60°, 150°, 180°, 270°, 300° 

n180° — 7°54’ + 27°22’; 19°28’, 144°44’, 199° 28’, 324° 44’ 


9 n120° — 4°41’ + 55°19’; 50° 38’, 60°, 170° 38’, 180°, 290° 38’, 300° 


10 


n360° + 135° + 45°; 180°, 270° 


Exercises 7 


1 


2 
3 
4 
5 
6 


7 
8 


9 
10 
11 
12 


(i) 30° 49’, 59° 11’, 210° 49’, 239° 11’ 

(ii) 13° 53’, 103° 53’, 193° 53’, 283° 53’, 76° 7’, 166° 7’, 256° 7’, 346° 7’ 
(iti) 119° 28’, 299° 28’ 
(iv) 0°, 36°, 108°, 180°, 252°, 324°, 360° 

(v) 223°, 1123°, 2025°, 2923°, 135°, 315° 
(i) 36°52’ (ii) 36°, 324°, 108°, 252° 
45°, 225°, 171° 52’, 351° 52’; nn + 45°, nx + 171° 52’ 
0°, 180°, 360°, 210°, 330° 
(i) 0°, 45°, 135°, 180° (ii) 35° 16’, 144° 44’ (iii) 90° 
n360° + 60° 

13°17’ or 240° 27’ 

(i) n360° or n120° + 30°; 0°, 360°, 30°, 150°, 270° 
(ii) n360° + 71°34’ — 18°26; 53°8" 

n360° + 60° or n360° + 141° 20’ 
(i) 60°, 120°, 240°, 300° (ii) 53° 48’, 233° 48’, 159° 54’, 339°54’ (iii) 1724° 
360n° + 60° 
(i) 70° 32’, 120° (ii) 54°44’, 125° 16’ 


Answers 


13 (i) 0°, 180°, 60°, 120°, 35° 16’, 144° 44’ (ii) 60°, 180°, 45°, 90° 


14 —sin 3x sin 2x. 0°, 36°, 72°, 108°, 144°, 180°, 223°, 673°, 1123°, 15735° 


15 60°, 120°, 240°, 300°, 45°, 135°, 225°, 315° 

16 (2n + 1) 30° or n180° + 30° 

17 (i) n360° — 36° 52’ + 113° 35’ (it) n360° + 73° 44’ + 78° 28’ 

18 n180° or n120° 

19 60°, 120°, 45°, 135° 

20 cos A = k, cosB = —4k; cosA = —}$k,cosB=k; —1<k<1 

21 70°32’, 289° 28’, 120°, 240° 

22 (i) n360° + 180°, n360° + 120° (ii) n90° + 224°, n180° — 45° 
(iti) n45° — 2°30’ + (—1)"3° 23’ 

23 —120°, —90°, —60°, 0°, 60°, 90°, 120° 

24 R = 13, a = 67° 23’, 142° $4’, —8°8' 

25 n180° —(—1)"30° 

26 n360° — 67° 23’ + 140° 17’ 

27 ¢ or -1 

28 0°, 180°, 360°, 270°, 41°50’, 138° 10’ 

29 45°, 135°, 225°, 90°, 210°, 330°, 315° 

30 +2 

31 19° 28’, 160° 32’, 194° 29’,345° 31’ 

32 90°, 43° 10’ 

34 n180°, n180° + 135° 

36 (a) 70° 32’, 120° (b) 45° 

37 65s? + 85 — 48 

40 t, =tan}0,, t, = tan40,, t, = tan 403, t, = tan40, 
ty tty tts tty —(tytats + totyty + tytsty + tylot,) 
1 — t,t, — t,t, —tyt, — tats — tot, —tyty + tytotaty 

41 J5 cos(x — 63°26); 110°36’, 16°16’ 

42 —/2<a<,/2, 45°, 225° 

43 J5 sin (6 + 26°34’); 144°52’, 342° 

44 (i) cosx = —3 or —1; tan?x =Zor0 
(ii) 360n + 53.1°, 360n — 36:9° 

45 x/2, 3n/2, 2/3, 5x/3, 22/3, 42/3 

46 233° 8’, 328°7' 

47 18° 

48 (i) 30°, 90°, 150° (ii) 120° 

49 x/6, x/3, 2n/3, 5x/6 

50 70°, 190°, 310°, 110°, 230°, 350° 





Chapter 8 


Exercises 8a 


471 


3 B= 63°39’, C= 51°21’, a= 19:20 or 19-21 depending on the method 


of working 
§c=2 
7 W26°8’N or 296° 8’ 
8 Correct to nearest minute B = 70°54’, C = 65° 13’, D = 43° 54’ 


472 Answers 


10 (i) No possible triangle 
(ii) A = 44° 12', B = 67° 54’, a = 4-23 
(iii) A = 51° 58’, B = 54° 40’, b = 674-1 


Exercises 8 


1 A = 24° 34’, B = 79° 26’, b = 7:09 
2a= 3/5, b =2,/10 

3 sin 8 = 0-8127, a = 95:7 

4 4:34 cm 


5 a= 1164, A = 34°53’, C = 50°55’. A = 9172 mm? 


6 b=117,c = 56 

7 AC = 5:94, B = 115° 23’, D = 64° 37’ 

[a? + (b—h)?] tan0 
a+(b—h)tan0 





8 Height = 


9 AB = 300,/(cosec? a + cosec? B — 2 cosec acosec f cos 7) 


10 c=9:8 cm 

18 16°, 10° 

22 AD = 13,/3/3 

24 60:1m 

a’A 

16R? 

26 118m 

27 (i) 45° (ii) $a (iii) arccos(— 4) 

30 (i) 2646 m (ii) A = 2529 m, B = 1732 m 


t 
31 rr + $bsec a(2/ — b tan acot f) 
in 


25 


36 45° 35’ 


37 (i) arcsin (1/,/3) (ii) arctan (1/,/2) 
38 k <x < 2k; 2,/3k 

39 61°, 73-7°, 225:2°; 10-8 m 

40 3/3 cm?, 3,/7 cm’; 9 


Chapter 9 
Exercises 9a 
1 A = 3x(100 — x) 
2ve= 7 h(20 —h)*, A = ar? + 2nr(20 — 2zr) 


3 h= 10sinx 
4 h=,/(20x — 100), 5<x<10,0<h<10 
§ 6=(20—2r)/r 


(iii) 16° 46’ 


Answers 473 


6 f(1) = —2, f(2) = 2, f(—1) = 2. All the real numbers in each case 

7 d(0) = 6, d(1) = 2; x =2 or 3 

8 G(0) =4. All the real numbers. 0 < G(y) <4 

9 F(0) = 1, F(x) = —1,0 =nn+4n, —/2<F(0)<./2 

10 All values except 1 and 2 

11 3<x<7;x<3andx2>7 

12 (i)x=44+4y (ii) x =4(y—3) (iii) x = arcsin y— jn 
(iv) x = Yy 

13 (i) y = x°/(4+-x) (ii) Two functions (a) y = —x,(b)y=x—1 (iii) Not 
possible 

14 (i) 1,4 (ii) y is not defined for x = 1 or 2 

15 There are two functions (a) y= /(25—x?), (b) y= —/(25— x?) 
(i) (a) 4, (b) —4 (ai) (a) 3, (6) —3 


Exercises 9b 


1 50m, 1250 m? 2x=torx=2 

3 0-86 radian 43+x,+5, 11 

§ 12m/sec, 11 m/sec 6 3+, 4 

7 10 

8 7, 3-31, 30301, 3-000 030 0001; 3, 3x? 

9 (i) -1 ~~ (ii) —(1/x?) 10 10 m/sec, 20 m/sec 


Exercises 9c 


1 12 

2 Yes, —2x, 2; 0, 2, No 

3 Yes, —2x, 3x7; 0, 0, Yes 

4 (i) 14x (ii) 4x3 —4x (iii) 2cos2x (iv) —3sin3x (v) cosx — 2x 


Exercises 9 


1 A=r(1 + sec 0@)cot40 
3 0, 2/4, —7/4 
41,2; 0001 


= x?~x-2;4 

et xyx2t+X27 +3, 44+x4+x7, 6 
9 5,'5m/sec, 5 m/sec 

10 x =2 

11 2, —1,2 

12 um/sec, am/sec? 

13/3 

14 (1) 2x+1 (ii) —4/x5 
15 (i) acos ax (ii) —asin ax 
16 (i) sec? x (ii) sin 2x 

21 -—2 

23 p= —3,q=19 


474 Answers 


Chapter 10 
Exercises 10a 

1 35x* — 12x3 + 2x 2 24x? —cosx 

3 —6sinx — 16x —8 4 7x® + 4x3 + 3x? 

5 cosx —cos? x + sin? x 6 6x + 4cos x — 4xsinx 


7 8x3 4+ 15x? 4+ 12x +4 
8 16x(1 + cos x)(1 + sin x) + 8x?(cos x — sin x)(cos x + sinx + 1) 
9 cosx — xsinx + 6x 
10 sin x (3x? + 8x) + cos x(4x? — 6x) 
11 4x(x? + 1) 12 2(x? + 1)(5x? + 2x + 1) 
13 6x(x? — 1)? 
14 3sin xcosx + 3x(cos?x — sin? x) 
15 (9x? + 3)sin x cos x + 3x(x? + 1)(cos? x — sin? x) 


Exercises 10b 

x? + 2x sin xX — x cos x 

(x + 1)? (x + sin x)? 

24+ 2cosx +xsinx 

3 —————__,—_ 4 —cosecx cot x 

(1 + cos x) 
sin x —6 

eae ee 6 

(1 + cos x)? (x + 1)° 

x + sin x (sin x + cos x) x* + 6x3 + 3x? +6 
(cos x + sin x)? (x? + 3x + 2)? 


cos x(x5 + x* — x3 — x?) — sin x(x* + x? + 2x) 





C0 pt A 
(x + 1)?(x? — 1)? 
= 2x? — 6x7 +6 2sin x cos x + sin? x 
(x + 1)?(x + 2)?(x + 3)? cos? x(cos x + sin x)? 
4x? + 12x + 6 
re 13 1-08 
(x? + 5x + 6)? 
14 2/(2 + ,/3) 15 4, (0,0);(—2, 6) 
Exercises 10c 
1 sec x (sec x + tan x) 2 sec x (sec? x + tan? x) 
3 —cos x — cot x cosec x 4 sec? x(1 + 2tan x) 


5 4sec? x tanx 
6 (secx + tan x)(1 — sin x + cosx + tan x) 


sec x(sin x tanx + 2sin x — cos x) 


7 : 
(sin x + cos x)* 
sec x tan x —2sec? x 
(1 + sec x)? (1 + tan x)? 


10 (i) v = (8t — 3)m/sec, 5 m/sec 
a = 8m/sec?, 8 m/sec? 
(ii) v = 2n(cos 2nt — sin 2xt) m/sec, 2x m/sec 
a= —4n?(cos 2at + sin 2nt) m/sec”, — 42? m/sec? 


11 (i) —2cos2x 
15 sin(x + 4nz) 


Exercises 10d 


1 S(x —1)4 

3 5(4x — 3)(2x? — 3x)* 
5 3sec 3x tan 3x 

7 sin 4x + 4x cos 4x 

9 3sin? xcosx 


11 6x sec(3x? + 1) tan (3x? + 1) 
13 4xsin(x? + 1)cos(x? + 1) 


Answers 


(ii) cos x/(1 — sin x)? 


2 10(2x — 1)* 

4 &(x +1)’ 

6 Ssec? 5x 

8 2x cos 3x — 3x? sin 3x 
10 3x*cos x? 
12 9 tan? (3x — 4)sec? (3x — 4) 
14 (10x + 7)(2x — 1) 


15 3sin? xcosx tan 2x + 2sin* x sec? 2x 


16 —4sin? xcosx 
—3cos?x 
(1 + sin x)? 

19 8cos’ xsinx 
4sin xcos x 


(2 + sin? x)? 


23 (i) nsin"~1 @cos@ 


—8x(1 — x?) 
(1+x7)) — 
4sin 2x 

(1 + cos 2x)? 


18 - 


22 18sec? (tan? 3x) tan (tan? 3x) 
tan 3x sec? 3x 


(ii) —mcos™~1@sin@ 


(iii) sin"~ ' @cos™~ ! @(ncos? 6 — msin? 6) 


Exercises 10e 
1 3x)? 
3 i(/x)* 
— 12x 
(2x? — 3)* 
7 3x,/(x? +1) 
1—x—2x? 
JVa—x) 
ae tan ,/x 
Cos x 


2,/(1 + sin x) 
15 —1/(1 —cos x) 


1 


— 


13 


Exercises 10f 
2x 
; J(1 — x*) 


2 1/33/x? 


3 3 
4 (x _ 3)(# + 3) 


4x-1 
2,/(2x? — x) 
—-xX 
8 ote Dp 
(1 + x)2(1 + 7x) 


2,/x 


12 5 tan x,/(sec x) 


10 


1 


4 as PD 
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476 Answers 


2 
° x./(x* — 1) 
nea 
(1 + x),/x 


x 
10 arcsin x + Ja— x) 








3 1 ; 1+x 
fos arctan fz 


) = arctan x + arctan | 
x 





14 Because 2 arctan x = arctan ( 7 *) 


Exercises 1g 


y 1 


Pett 
x x? 


3- (2) 


a eS 
x+ cosy 
7-1 
9 -3,-3 


Exercises 10h 
1 2/(3t) 


3 —4sin2t 


5 2t+t? 





Exercises 10 


1 (i) 3x3 —x 





1 — 2xy? 
2x?y —1 
sinx —1 
1 —siny 
(1 + ycos xy) 
“(i + xcos xy) 
(2x + 3y) 10x? + 10y? + 30xy 
~ 3x+2y’ (3x + 2y)? 





8 326 
10 —3, — {35 


2 —%coté 
2tcost —t?sint 
sint + tcost 


6 3t? 
1 —2r3 
8 —413, 325 


0 (i) Zsec (ii) 1 sec 


——(9t? —t —1) 


2 (i) 15x* + 4x3 + a + 2x (ii) sec (1 + tan 6 — cosec @) 


3 (i) - 


(+x?) 
(i oe 


4 (i) WT POY HO 


x44 4x? -1 


a : 


iE 


2t,/(1 — t?)arcsint + t? 


5 (i) 3sintcos3t+costsin 3t (ii) ey (=r ie 


(x? + 6x + 16) 


a aay Pe 15 


7 (i) —(Scostsin St + sintcos 5t) 
8 (i) 4sin? x cos x 


9 (i) 18sec? 60 tan 60 
0 (i) sec O(tan 6 + 26 tan? 0 + @) 


Answers 


6(x? — 2) 
(x? + 3x + 2)? 
.. (1+ t?)arctant+t 
(ii) o—hegie 7 
(ii) 3sec? x tan x 
(ii) — 100 cot* 6? cosec? 6? 


(ii) 


(ii) sin x cos 2x + x cos x cos 2x — 2x sin x sin 2x 


1 (i 1 1 
(i) =o COs 


1 — 263 


2) F959 


32x 


20 ) Tee 8x? + 17x4 


1 (i) nx"~}(tannx + x sec? nx) 








sec? x 


8 ) aaa 


ty 
v=) 
| 


20xy + 432x5y5)/(6y5 — x)3 
30 — E cot 0 
a 


(ii) — (cos+ + xsin 1) 
x x 
5 3t? 
(ii) Wa=19 
. 1 
() a-@a— 
cos x 
1 + sin? x 
—1 
1+ 2¢ + 2t? 


— oz 


(ii) 


iy EH 


re dy 
2y — 
(iv) sin 2y 





. Axy? — 3x? 
er y? —4x?y 
1—x? 
eal 

ay —x? 
(il) = 
y* —ax 
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b b 
31 —cosec6, —— cot? 0 
a a 


32 —tan @, (sec* @cosec @)/3a 


33 tan4t 
34 tant, (sec? t)/at 
35 3 

—(0sin@ + 2cos@) —(6? cos 6 — 40sin 0 — 6cos 6) 
ok —— 9 ———$— 
41 —4, a 


43 2x sin [2(x? + 1)] 
45 —2sin?6@cos0 


Chapter 11 
Exercises lla 
1 0:00003632m/°C 2 4:77 cm/min 
3 4ncm?/sec, 102cm?3/sec 4 500m?/min 
5 10cm/sec 6 0:265 m/min 
7 20 m?/min 8 1 eee 
on 
1 
9 —0-03 rad/sec 10 a cm 


Exercises 11b 


1 36m/sec, 36 m/sec’; 9t? m/sec, 18t m/sec? 
2 8m/sec 

3 3(t? — 1), after 1 sec 

4 a= 6tcm/sec”. When t = 0 

5 32m, 0m; —4m/sec?, 4m/sec” 


Exercises 11c 


1 1:0006 
2 0-7073, 0:7069; 0:7075, 0:7067; 0:7077, 0:7065 
3 0377 cm?, 0-3779 cm? 


1 
4 4-4ncm?; xe cm/sec 


5 3% increase 

6 Decrease of 40xcm? 
7 Decrease of 82cm? 
9 0-4cm? 

10 0-4%, 9960 


Exercises 11d 


1 y—6x+11=0,6y+x—8=0 
2 y+3x—3=0,3y-x+1=0 


Answers 


3 y=2x,y+x-—1=0,y—2x+4=0 
4 3y—5x+16=0 
§y+x-2=0,y=x 

6 y—x-—a=0,y+x-—3a=0 
Ty=8y=4 

8 27y — 135x —40 =0, y—5x+8=0 


9 2y—x-—7=0, 2y—x+1=0 
10 y=x, y—-x-4=0 

11 x+y=a,/2 

12 y-x-a=0 


Exercises 1le 


1 Max of 0 when x = —2; min of —4 when x = 0 
2 Max of 3 when x = 3; min of 0 when x = 1 
3 Min of —4 when x = —1; max of 4 when x = 1 
: Min of 3, max of 3, min of =2 

—,/(a? + b?) 


; Height 2r/,/3, radius r./¥ 
7 A=r’sin 20(1 + cos 260) 


av 
10 XP = —.—__-,- 
J(u? — 0’) 
Exercises 11f 


1 3 3, ~ *a) 


2 (0,2), 3,35) 
3 Min (1, 3), max (5, $5), point of inflexion (3, $3) 


Exercises 11 


1 Zomsec 2 45 cm/sec away from lens 
3 2:19 units/unit change in r 4 10m?/sec 
5 = m/min 6 20, 16; 18 units 
7 ; a 0, s 1; 5+ ue 9 Decreased by 1:02% 
10 0:17cm 11 Decreased by 0:-42% 
12 3, y = 15x + 36; (—6, — 54) 13 142128 


14 y=4x-—3 

15 (i) y=4x—15 (ii) y= —fx+2 

16 Min when x = 0, point of inflexion when x = 1 

17 a=j4,b=i,c= —6,d= —+P; (-4, 8) 

18 —0-29 

19 (i) Min (2, 3,/3), max (22, —3,/3) (ii) Min (1, 0), max (— 1, §) 
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480 Answers 


22 Max (1, 4), min (— 1, —}4), points of inflexion (0, 0) 


(od) aces 


23 Min (2, —4) min (—2, —4%) 
24! 
25 arcsin (4) 
27 Max (1, 4), min (—1, 1) 
b 
28 —-— 
3a 
30 y= —x+2, y= —x+4n 
31 Min (2, 0), (2, 0), (0, 4); min (2, 4), does not cross x-axis, (0, 8); 
min (2, —4); (0, 0), (4, 0) 


33 y = 2x, (1, 2) 

35 in -4A 

36 614cm?> _ 37 a 

38 (47, oe (3x, 3/3) 

39 (1, (= 1, 6), iG, 2 G, —4); x =0, y =3 

40 ce = (1, 3) 41 (0, 3), ($x, — 3), (2x, —1) 
43 64R°/81 44 17,44 7,6 


45 Maximum 


Chapter 12 
Exercises 12a 
1 1/x 2 —(2/x) 
3 cotx 4 aj(ax + b) 
§ 1/(2(x -—1)] 6 1/(cos x sin x) 
7 secx 8 2cotx 
9 log. x 10 (1 — log, x)/x? 
11. —2/(1 — x?) 12 cos xcot x — sin x log, sin x 
— y(x + 1) 
Aaa Oats, 15 1 
x0 +1) e 
Exercises 12b 
1 3e3* 2. er 
3 cosxesi"* 4 -e™* 
5 ae*t> 6 2* log, 2 
7 2x log, 3 x 3% 8 e*(cos x — sin x) 
9 e- (1 — 2x2) 10 2" 
(I+ e”)? 
1 i . 
11 e*(Ioe.s + +) 12 2xe~**(cos x? — sin x?) 


15 4 or —1 


Exercises 12c 


1 sec? x etanx 


2 4x3e** 
_ (sin x 
3 xs" (= + cos x log, x) 
x 


4 (sin x)*(x cot x + log, sin x) 


1 
log. x 





5 (log, x)* te. (log, x) + 


—1 
6 w(t + lg.) 


7 e*+ x*(1 + log. x) 
8 2xe* + x +11 + log, x?) 


—2 /x+1\'8 
aT RN Coase 
3(x* —1)\x-1 





Exercises 12d 


2 -1<x<1 
3 0:5236, 0:4997, 0:5000, 0:5000 to 4 decimal figures 
5 sinx = x—4x>, cosx ® 1 — 4x? 

sinx = x — 3x? + igx5, cosx & 1 — $x? + Ayxt* 
n(n—1) , 








7 (i) l4nx4+ Te +...tnx" 1) 4 x" 
= ~1)(n—2 
(i) 1+ mx + 2 moe Dee ae 


9 0:5236, 05714, 05767 to 4 decimal figures 
10 a+ bx + cx? + dx? + ex* 


Exercises 12e 
1 
1 \/e = 16487, 5 © 93679 
2 log, 1:2  0:1823, log.0:9 = —0-1054 
3 (i) 14+2x4 2x? 4+ 49x34... 


(ii) 1 — 3x + $x? —$x34 ... 
(iii) 1 + x? + 4x4 44x64 ... 


4 (i) 2x — 2x? + 8x3 — 4x44 0.45 -—$<x<¥ 
(ii) —(3x + 3x? + 9x3 + Sixt 4 ...); -4<x<4 
(iii) x? — 5x* + 4x®-—4x8 4 0.5 -L<x<l 
1 1 1 
_3 3 poate Bpabunee Caan 
5 -3<x<3 614 tt gt 


8 —in<x<jin 9 0-6931 


Answers 


481 


482 Answers 


Exercises 12 
1 
1 (i) 3x—- = + 6x log, x (ii) e (2 + log, 2x) 
(iii) —2e~ ?*(cos 4x + 2 sin 4x) 


2 (i) 2e7"/(1 +e) = (ii) cosect ~— (iti) — cosect 
4 yx + y) 


dy : 
5 in 5e>* cos(4x + a); a =arctan$, cosa =3, sina=% 


d?y 
— = 25e3* cos (4x + 2a) 


a 
. e(1 +e) — log, 0 
‘Oqray =O) Gries log, 8) 


7 (i) e*%"*(x cos x + sin x) (ii) ~cos(log, x) 
10 (i) 1/[2(x+1)] Gi) 1/2JV (x? - 1] 
13 k= —7 


18 1/27, —1/2¢+ 

19 1/te', —(1+1)/t?e7 
20 Max of 1/e when x =e 
22 (1,1//e), (—1,1//e) 
23 y=2x+1 

24 (2, 2/e7) 

27 (4,5 + log. 4) 

28 +1//2 


log x 
29) 8)" + log. (108.9) 


(ii) x*(1 + log, x) + sec? xe'#™* 
30 x*(1 + log, x){ 1 

x*( + 1og,3)( + a3)+ 
31 I/e, O<k<lI/e, 1-43 
33 0-000 334 
35 (i) 1 —2x + 2x? ~ $x3 (ii) 1 — 2x — 2x? — 4x3, 0-00040 


2 4 5 6 q 3n-1 
os 22 XT XP KP CX x 1 1 
37 x+—-—3x°4+—4+2- [4+ 54... ta (5-4) 


x* 


a+2 





sin* 9 i sin® 0 4 sin2" 0 
2 3 a n 
- (-1)"*! 








38 (a) — 3(siw 6+ 


(b) 4—x?+4x3; 2log,2 —4x? + 4x3; 


Answers 


39 (a) 1 +x? + 4x? 
(b) x —4x? + 4x3 —dx44 ...; 





1 1 
2 cos + xc0s°0 + =cos8O+ ... + ros" 194+....) 


2n— 
40 0:6931, 1:0986, 1:3863, 1-6094, 1-:7918 
22 


n n-2 
41 0-2231 42 z a 


“Fak Go) Wao)! 


44 Max for evenr, min for odd r 46 13e~2* cos 3x 


47 0 48 —2x(1+x)e?*, (0,1), (-1, 
49 3x —$x?+ 3x3, 6x + 6x? 50 —I/e 
Chapter 13 


Exercises 13a 
Arbitrary constants in these exercises have been omitted. 
3 x12 


8/3 
1 =x8/3, 


—, 3x*1/9 3 ays log. x 4 4x9 x 
8 12’ > 5 : aan, > 22 


1 1 1 3 5 
ee = 82, EGS 3 

Sg Gt ON OB ty tg ra arg aN 

3 arcsin4x, arcsinx, arcsin2x, arcsin3x, arcsin3x 

4 4arctan}x, arctanx, 4arctan}x, 3arctan3x, Sarctan 5x 

5 tanx, —cotx, 4x+4sinx, tanx—x, —cotx—x 


5 1 1 \/x(22 + 22x — 10x°) 








Oa 36 oe” ii 
7 Sos _ 
3x” 5x? 6x 
2 n-4 3 p-4 
ree ser (n, p # 4) 
1 3 5 


(n—1)x""!) (n—2)x""2— (n—3) x" i 
8 x —4x++4+4x’, x+5x? + 48x3, 2ablog, x — b?/x + a?x 
9 —6cosx, 7sin x, 8sinx + 6cosx 
10 y= x? —3x?+2x+7 
11 v=5t—kt?+¢, k=4 
12 x = —3sint 
13 y= 3-—cosx 
14 y =4x5 —4x44+5x? 
15 x =¢*— 10t? 4+ 16t?; 2 sec, 8 sec 
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Exercises 13b 
(2x + 3)! As (5 — x)!? 
—_—__—_- (ii) — 


1 0 —3 12 





outa Pe 
(iti) 51 °7¢ + 5) 

M 2 7/2 

(iv) shes — 5) 


. 1 
2 0 ~Gexey* 
(iv) —3(1 —3y)?? 
3 (i) —4c0s(3x + 3) (ii) $sin (Su — 1) (iii) cos(1 — y) 
(iv) $x — {sin 2x (v) 4x + 4sin 2x 
4 (i) —e2-* (ii) de" “(iii — det -% 
5 (i) 4log.(2x + 1) (ii) —4log, (1 — 2x) (iii) log, (sin x) 


(ii) /(2x + 1) (iti) 


2 
(1 —x)'? 


(iv) Zlog, (x? + 1) (v) log.(x?+x—1) (vi) log.(2 —e~') 
(vii) $log,(e*’ + 3) (viii) 5log, (log. u) [NB Another form of this is 
} log, (log, u’)] 

(ix) log, (log, 3x) (x) —log, (cos x — sin x) 





—1 
6 (i) darctan (* ) (ii) L arctan 4t (iii) arctan (x + 4) 
, . 25 _ (2x+1 o . -1 
7 (i) Zarcsin 46 (ii) Sarcsin (72) (iii) arcsin (: ) 


8 (i) Slog, (x3 + 1) (ii) —3(2 — 3t)?/? (iii) log. (1 + e*) 
9 (i) 4arctan2u — (ii) log.(1+4u?) (iii) 4 arcsin2u 
10 (i) log. (1 + tan? x) (ii) —log,(1 — sin? u) 





Exercises 13c 


1 y=14+x—- 3x? 


2 
2y=-—+1 
x 
3 v = 92 m/sec, 372 m 
4v=u+4kt? (k constant), s=ut+ p;ke* 
5 33334 cm 


1 (i) 3 (ii) 164 (iti) 0 

2 (i) 4 (ii) 164 (iti) O 
3() 4 (ii) 3 (iii) 183 

4 (i) n/12 (ii) 2/2 (iii) 1/34/3 
5 (i) —7% (ii) —4 (iii) —#% 
6 (i) 128 (i) —122 

7 (i) —3 (ii) § 

8 (i) $(e°—e°) (ii) —3(e—e*) (iil) 2(1 —e*) 
9 (i) log.3 (ii) log. (iii) log, 5 
10 (i) 0 (ii) 2/2 (iii) 2/2 
11 243 square units 





Answers 485 
12 5& square units 
13 2 square units 
14 x/2 square units 
15 425 square units 
Exercises 13 
1 (i) 5(2x — 1)* (ii) ¥4(2x — 1)”, 
2 (i) x7 —42x5 + 2x3 — x (ii) 15x" Re + §x>5—x 
3 (i) 3x7? — “4 x5/2 4.2y3/2  ii) — 4x3 + $(a + b)x? — abx 
4 (i) —6/x + logex —3x° (ii), 2x"? + $x3/? + $x9? 
(iii) 43 15 2/3 oo. + 3x8/3 

3/3 — 4 
5 (i) ss (ii) 3B 
6 y=x? Ba Ty=x+2x? 8 y=C—k?/x 
9 y=2x?+1/2x-1 10 1//2 11 y =4x?—log.x +3 
12 4xn+1 13 343/6 14 23 
16 v = 4s 17 y=9+4 6x — 3x?, 32 
18 1 sec, 215m 
20 3, 3 21 log. 5 

1 1 
2 oS ae =, 1 

32—x +30 +x)” BlOB4 

23 Vertical asymptote x = 6; max atx =4,minat x =8; 43—8log,2 


24 Max at x = 3, min at x = 3; 243/10 


Chapter 14 


Exercises 14a 


Constants of integration in these exercises have been omitted. 


1 4x? +x + log.(x — 1) 2 4x3 + 4x? + x + log.(x — 1) 
3 x + log. (x — 1) 4 —41+—4log.(1 — 3t) 
5 — $1? — $1 — sylog.(1 — 31) 6 x —log.(1 — x) 
7 4—log.2 8 jt — z,log.(1 + 4t) 
1 
9 —llog.5 10 By BE 4 jog(a + bx) 


Exercises 14b 


1 Sarctan(x + 1) 2 Zarctan 4(x — 3) 

3 n/4 4 5x + arctan x 

5 J,arctan (3x — 1) 6 x/2 

7 a 2arctan 2 8 4x? — 9x + 27 arctan 4x 
1 

9x+ Syarctan Ps a) 10 7?22+7/8 
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Exercises 14c 


1 jlog, (x? + 16) + Zarctan 4x 
2 Zlog, (x? + 36) — Zarctanix 
: log. (x? + 2x + 10) + farctan 3(x + 1) 
4 Slog. (x? —6x + 10)+ 14arctan(x — 3) 
5 —log, (x? — 8x + 25) — 44 arctan 4(x — 4) 


1 —1 
“| a 
6 5 og, (x + 4+ yaretan (> 3 ) 


7 4x? + 6x + 13 log, (x? — 6x + 10) + 18 arctan (x — 3) 
5 11 
8 G 108. (3x? — 12x + 13) + lenis [(./3)(x — 2)] 


9 x — log, (x? + 2x + 5) — Zarctan}(x + 1) 
10 5x? + x —jlog, (2x? +2x +5)—4arctan 5(2x + 1) 


Exercises 14d 


1 —log,(x + 2) + 2log, (x + 3) 

2 log.(2x — 1) — log, (3x — 1) 

3 S5log.x — 6log, (1 — x) 

4 2x jt loge (x — 2) + loge (2x + 1) 

5 5x? +3x+ 2log, x — flog, (2x + 1) 


17 
6 log, (2x + 3) — log, (3x — 1) — 3Gx—) D 


7 log. (x — 1) + 3log.(x + 2) — 2/(x — 1) 

8 log.(x — 1) +4 log, (2x + 1) — 1/(2x + 1) 

9 2x — flog, (3x + 1) + Slog, x + 6/x 
ease deta 


1 
11 3 ~ arctan ~ 5 iD arctan aD) 
12 log, (2x + 3) + 4log. (2x? — 1) 
13 Slog. (x + 1) — log, (x? —x+I1) 
14 4 arctan x — Larctan5x 
15 log, (x — 1) — 4log, (x? + 9) — 4.arctan 4x 
16 log, (x + 1) —4log, (x? + 4) + Zarctan}x 


1 ==2) 

17 === og: (== 

(p—4) ee($=! 
x? 27 x+3 
18 5 +9x— Fos, (=*3) 


a b 
PD GoGo eS Gabo 





log, (x — b) 


c 
+ (cane — by 08 (x —t c) 


ce 1 x? + b? 
22 —b% 8\ x7 Fa? 


Exercises 14e 
ise" 
3 —/@- x’) 
§ —log,(1 — sin x) 
1 
~ 30(x5 + 6° 


15 4(arcsin x)? 


17 log, 2 





21 2/24 


23 5n?/288 
25 cos 4— cos2 


Exercises 14f 
1 (x? —a)?? 
1 
3 — vis — x?) — arcsinix 


5 —arccos x — ,/(1 — x?) 


7 3x —1)7/? + Hx — 1)9/? + 3(x — 1)3/? 
8 1 


i_4 
10 gl— Zz 


Exercises 14g 


1 —5c0s 9x — z5cos 5x 
3 Asin 11x +4sinx 

5 $sinox —4sin’x 

7 4£sin x)?” 

90 


Answers 


2 —4(a? = x?)3/2 
4 (log. x)* 


6 4log.(cos? x + 2sin? x) 
8 (x + 1)°? —3(x + 1)? 


10 log, (log, x) 
12 -—e!* 


14 g(x? — 2)'5 
16 4 


18 





l n+1 
ny 08.2) 


20 log. (e + 1)(e? + 1) 


1+? 


1 
2 =log ty 
2 Sere 


24 0 


2 3(x? + 4)? 
4 —J(1—x?) 


6 F(x + 1)9? —3(x + 1)? 


9 4(5,/5 —8) 


2 —:cos 11x + zycos 5x 
4 4sin2x — >sin 12x 


6 —4cos’x +$cos? x — 7, cos! 


8 1/cosx + 2cosx — $cos? x 
0 +187 


487 


ly 


488 Answers 


Exercises 14h 
1 —(x+ le 2-4 
3 46? sin 20 + 50 cos 20 — 4 sin 20 4 e*(x? — 3x? + 6x — 6) 
5 —x*cosx + 3x?sinx + 6xcos x — 6sinx 
6 *Zlog.2— 
7 4x? arcsin x — farcsin x + 4x,/(1 — x?) 








1 
8 §x° log. 3x — #x°® 9 (= ~3)=5loe.2 
A@cosm@ — sinmé 
10 — aed ai 11 4n—4log.2 


x(log. x)? — 2x log, x + 2x 
13 (x + sin x) tan}x + cosx or x tan}x 
14 —xcosec x + log, (cosec x — cot x) 
15 4secxtanx +4log, (sec x + tan x) 


Exercises 14i 


1 4e*(sin x + cos x) 
2 —;e~2*(3 cos 3x + 2 sin 3x) 
3 zhre°*(2 sin $x + 20cos 4x) 


4 5x./(16 + x?) + 8log. [x + /(16 + x?)] 
5 —4cosec x cot x — $ log, (cosec x — cot x) 


Exercises 14 


2 (i) 42x41)? (ii) —4log, (1 — 3x) 
(iii) tan x + 4tan? x (iv) 4sec? x — sec x 
(v) arcsin$(x + 1) (vi) arctan (x + 3) 
(vii) log. (3 + sin x) (viii) 3log.(1 + e?*) 
(ix) log, (arcsin x) (x) —zcos 7x + écos 3x 
(xi) —2,/cos x (xii) 4sint+x —Zsin°x + C, 


or —4cos*x + 4cos®x +C, 
3 (i) 3log. (x — 2) — 2log.(x — 1) 


I 
(ii) x + log, (+) 


a 1 1 2 3 
(iii) Shy + 55 108. (x + 1)- sgloe. (x? + 4) — 5 arctan 2x 
(iv) —glog.9 

(v) log.(x — 1) —4 log. x — dog, (x? + 4) — 4 arctan4x 
(vi) —yolog.(x + 1) + sy log, (x? + 9) + Poarctan4x 
(vii) 3log.(2 + x) + log.(1 — x) — 2/1 —x) 

4 y=6-2/x 
6 (i) : ti) —4log.2 (iii) Ayn —$+hlog.2 (iv) 7? 
7 ( 


i) J loses + a 


1 
—~xarctan—~ (ii) log.4_~— (iii) (iv) x? -—4 
2 


Answers 


8 (a) (i) { (ii) (1 —4e 9) 
(b) $(1 — log, 2) 
9 (a) flog,5 (b) /2xn-4 


10 (i) (a) 48 + log, 2 (b) a2 


(ii) 3 [x? — log, (x? + 1)] 

11 0-287, 0-605, 1-07 

12 (i) 3(6 —x)>? — 4(6 — x)3/? 
(ii) x + 4 log, (x? + 4) — Z arctan $x 
(iii) x — sin x cos x — 4 sin? x 

13 0 

142 


15 l lo a resin ates 
gob poe b—a 


16 Ee aeian : : lo ( 

222 W472 °* n+ 2 
17 n=0; xlog.x —x 

n= 1; (log. x) 


n #1 or 0; ! Bale lo = : 
> any xt] 08% ay 


2 1 
19 (i) 5 Gi) —SU+(-07] 





21 —15(3e" +2) 
24 arcsin {,/x — /[x(1 —x)]} 
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25 (i) 3(5 — 2x)?/? — 33(5 — 2x)!/? (ii) x + 9log, (x — 2) — 6log, (x — 1) 


26 (i) : (ii) iB (iil) is 


24 9/3 
28 5[arcsin x + x,/(1 — x?)] 
oe 1 1 1 
9 aaa Oya D tae 


31 (a) dn +4 = ~—(b) arctan(e”) 
32 (ii) x tan x + log, (cos x) 








33 (a) $ = (b) Ze (C) 
34 (a) a= 43,b= 75; 13x 4+ Fylog.(3sinx+2cosx)  (b) # 
35 a=} 
: 2-/3 e—2 
36 ze 
(i) 5 (il) — 


37 A=2, B=1, C=1 
38 (i) 4e2*—2eX +x (ii) 2(1 + sin 9)? 
39 1-—in 


490 Answers 


Chapter 15 

Exercises 15a 

1 zlog. 2 2 83+ log, 3 

3% 4 OCA = 12, OBA =4 
5 135 6 33 

74 8 (i) 4,4 i) 114, G 
9 (i) x//3 (ii) /6n/6 (iii) 2x/,/5 

10 4 


Exercises 15b 


1 2666-66 N/cm? 
2 (i) 2/n, 1/,/2 (ii) 0, 1/2 (ili) 0, 1 (iv) 0, 1/,/2 
5 665 


Exercises 15c 


1 55332 3 in? 

4 n/2 5 sah? 

6 nah 7 na*b, nab? 
10 g2(8e° + 1) 


9 7/30 


Exercises 15d 


1 (a) t=%3, =O (b) X= 2/2, f=n/B (c) X= 45, F=0 
2 (a) ¥=3, V=0 = (b) X= 2/2, V=0 (c) x=%, y=0 
3 (a) One third of the way up a median 
(b) With the straight edges as axes xX = y = 4a/3a 
(c) One quarter of the way up the axis of symmetry 
(d) On the axis of symmetry distance 
h(3a? + 2ab + b? 
4\ a? +ab +b? 
from the smaller end 
§ x= y = 256a/3152 
Exercises 15e 
5 4(e3* = 


3 a*x3/384 4 jna* +a? 


Exercises 15 
2 §, (éz, 0) 


1 39,3, 

3 (0, 0), (2, 2), 3, 25x 6 § 

712 8 in 

9 3n4+1, 307422 10 log, 7, 37 

11 x= 2, y= 1h 12 4a, (30a, 15a) 


1) 





Answers 
13 (i$ (ii) 4n?_— (iti) (Qt — 3, $2) 
14 (3a, 18a) 15 sna? 
16 (1,6), (2,3), area = (43 — 6log, 2) 
18 X = 1:35, py =2-70 19 t=0, X=16 
20 a=}, b= -1 22 c? =a? +b? +ab 
(i) 4620 ~— (ii) 4(a2 + ab) 0 
23 (i) 12x ~— (ii): 16 24 4n 
25 P =(a—b)/c?, Q=0, R=b; 2mc(3a” + 4ab + 8b*)/15 
26 y =—~ ! + a d ae 1 se 
V9 Lex. GaP Da ay OT 
1 e+1 e7 +1 
a (= 1’ 4 ). pee 50) 
28 (i) ¢— (ii) 30 4nxa7b 


Chapter 16 


Exercises 16a 
1 (i) y=—cosx+C (ii) x = $97 -28+C 


(iii) x = Ce** (iv) y=3t?+ At+B 
. _ dy dy 
2 y= *- (a 
is d?y .. d’y dy 
2 ——"= — — = 
(iii) x be 2y (iv) Eo ag 6y=0 
4x=10e* 


§ 11-2 km/sec 
6 Terminal velocity = 980/k 
7 y=Ae*, y= —4x7+B 


E E 
8 or a i> Bast 





Exercises 16b 


: 2 
1 C — arct = 1 ii) y= 
(i) y( arctan x) (ii) y Ta de® 


333 Il+y 2 
l —_— ——- = i —e ¥ =e 
(iii) on 722) + 2 Civ) -e ev+c 


491 


492 Answers 





2 s = 4(arctan4v — arctan4u) 3 r= Ae oC 
5-—x 
4y= 5 y>=x?+2x+A 
US Gt Se 4 " 
ig 9x+4+y=C 
3 — 2x 
45e"/15 — 36 
OHS a 


Exercises 16c 


1 x = 5e- %* + Je 

2 x = 3sin2t+ 4cos2t 

3 (i) 6 cm/sec (ii) 10 cm/sec (iii) 5 cm 
4 (i) v=0 (ii) v = 12 cm/sec (ili) x =0 
§ x = 5e%+42 


Exercises 16 
1 (a) sinxcosy=C 


(b) log. y =4x3-x+C 
(c) ye* = Cx 


dy\? | (dy 
a(S) +45) =? 








3 y=3x7+A, y = Ce* 4(1-y*l+x7?=C 
5 log. [(9 + y”)/9] = 2arctan x 9 y =Ce™, 120 days, 30 g 
10 xy=C 12 y =(2+sin? x)/(1 — sin? x) 
dz 9-2? 
13 x—_= 
? * dx 1+z 
60 + 40e2#/5 
15 zine STEP a v=2,t =$log,3 
xfes-t—1 (y — x)? 
175 = 2 
- (5 + ) . xy? e 


20 y = Acosx + Bsinx — x? 
24 log, (1 — sin y) = (1 — sin x) 
25 (a) log. (x+y +1) = y—43x7+C 
(b) (1+ y?) = (1 +x’) 
26 kv = g(2e-" — 1), k?x = g(2 — 2e-™" — kt) 
27 )v=8 (i)x=4 (iti) vo =1 
29 a =4log.2 


TV? Vito 
30 x =| c-e+srboe.(F*2) 
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31 4log.(e? + log. 4) 32 21+ x?)(1 — y?) =3 
5(3y — 2) dp 
33 =2+7 - 
(a) x + islog,| 3y 42 | (b) 
34 y=(x+2)e"5 x+y—2=0 
35 y = arccos[A(1 — e*)] 





Chapter 17 


Exercises 17a 


3 A(2, —2/4), B(S, —7/9), C(3, 0), D(2, —72/4), E(6, 2/9), F(4, —72/4), 
G(6, 57/6) 

4 (0, 3), (2, —2,/3), (—5, 0), (—/3, —1), (0, —3) 

5 (2,/2, 2/4), (5, — 126° 52’), (5, 2/2), (13, 157° 23’), (3, 0), (3./5, —26° 34’) 

6 A and F, B and E, C and H, D and J 

7 A(2, 2/4), B(2, 772/12), C(2, 112/12), D(2, — 32/4), E(2, — 52/12), F(2, — 2/12) 

8 P must lie on the positive portion of the x-axis 

9 (a) On the whole line through the origin making an angle 7/4 with 
Ox 
(b) On the whole line through the origin making an angle 32/4 with 
Ox 

10 B(7, 8), D(—5, —4) 


Exercises 17b 


1 AB =BC=CD =DA =5; AC=BD =5,/2 

2 A(3, —4), B(—3, 4), AB = 10 

3 AB=CD = 3//13/5, AD=BC=,/2, AC(,/137/5) # BD(,/197/5), 
hence ABCD is a parallelogram 

4 AB=2,/13, BC =,/13, AC = ,/65, hence AC? = AB? + BC?, ABC = 
90° and AB = 2BC 

§ X =12 or —6 

6 All distances equal to 2,/(a? + b?) 

7 AB = 3,/2, AC = ,/2, CB =2,/2 

10 P(5, 3) 


Exercises 17c 


1 Internal (— 3, —4), external (—9, — 13) 
2 (8, 4) 
3 P(2, 6), Q(17, 36) 
4 (a) Externally in ratio 1:2  (b) internal bisector  (c) externally in 
ratio 2:1 
5 CP:PD = 2:3, P(S5, 5) 
6 A(—5}, — 14), G(—2, 1) 
2p+4a 2q+4b Spta S5q+b 


trie 6 Ne CG 
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8 P(O, 12). The internal and external bisectors are at right angles and since 


P(O, 12) lies on Oy then the internal bisector is Ox 
9 A Xz+X3 Yraty3 XytX2+X3 Vit Yat y3 
a) : 3 , 3 


10 3:1 


Exercises 17d 


1 13 square units 

2 (i) 1 square unit (ii) 2} square units (iii)0 (iv) 34 square units 

4 AB? + BC? = 52 + 13 = 65 = AC’; AABC is 13 square units 

7 Pil, 14). Area ABPD is zero hence P lies on line BD. APAB = 
APCD = 3} square units 

8 Area ABCD = 32 square units 

9 AABD = AACD = 12 square units. The quadrilateral is re-entrant 


Exercises 17e 


1 (x — 3)? +(y +4)? = 49 

2 3x? + 3y? 44x — 46y + 239 = 0 
3 x? 4+ y?—9x —6y+ 26 =0 
4r=8sin0 

5 (x — 2)? +(y —8)? = 169 

6 xy =c?, x*/a? + y2/b? =1 

7 y?>—4x—6y+13=0 

8 3y?-x?=0 

9 rsinéd = 6 

10 4x? + 3y? — 48 =0 


Exercises 17f 
1 (=3,°5) 2 (5, 13), (12, 6) 
3 (1, —2),(—1,0) 4 (10, 2/6), (10, —72/6) 
§ Common point is (—4, 3) 6 Two coincident points (1. —1) 
7 The common points are co-incident (7, 7) or the distance between centres 
equals the difference between the radii 
8 (3/ 3, x/6). Note that the origin does not satisfy both equations simul- 
taneously 
9 (7, 9), (= 1, 5) 
10 (4, 1) 


Exercises 17g 


1 3x—2y+9=0 2 Sx+y—22=0 
3 2y—5x-—10=0 4x+5y=0 
5 2x-—3y+4=0 6 y? = 4ax 
x? y? 
7—+—=1 8 x? +y? = 25 


4 16 
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x? y? 

—-—=1 10 x? 2= 
9 a 46 x" +y* = 25 
Exercises 17h 
1lr=3 2 r=6sin0 
3 r? cos @(cos 6 + sin 6) = 1 4 r?sin20 = 2c? 
5 r?cos* 20 = c? 6 y=x(x >0) 
1 ¥=%/ 3x 8 x? +y?=9 
9 y= 10 y? =9 — 6x 
11 x?~y? =a? 18 (./2, L7/4) 
19 (4, 27/3), (4, 2 —2n/3) 20 (a, £2n/3), (a, L —2n/3) 


Exercises 17 


1 (0, — 6), (— 1, 1), (73, 1), (0, 8), (— 1, _ 1), (=5, 0) 

2 (5/2; — 7/4), (2, — 52/6), (3/2, 3n/4), (2, 7/3), (2, 7/2), (3, 0) 
3 A and F, C and H, G and J 

4 AB = ,/17, BC = \/40, CD = 5, DA = 6, area 16 square units 
6 (3, —2) 

7 A(5, 0), B(3, — 7/2), CS, — 17/2), D3, 0), E(5, 0), F(1, 3n/4), G(3, 7/4) 
8 (6, 8), (— 18, —40) 

9 (3:1), (3: —1) 

10 4x? + 3y? — 16x + 24y +52 =0 

11 a= —2 or 74 

12 (8, 5) 

13 Sides 15, 20, 25, area 150 square units 

14 (i) 3:2) (ii) 5:—2 = (iii) 3: —S 

15 Centroid (3, 4), circumcentre (3, 4) 

16 36 square units 

17 x? +y? =27 

18 2 units 

19 b= —4 and a= —5, AB=34,/5 

20 r = 6sin0 

21 a=1 

24 x? -—2x—2y+2=0 

25 (i) (7, —4) (ai) (7, 4) (ai) (—7, — 4) 

26 y? = 64x, (x —4)(6-y) =1 

28 Mid-point of AC (—1, — 1), D is point (9, — 10) 

29 xy = constant 

30 r(cos @ —sin@) =5,x-y=S5 


Chapter 18 
Exercises 18a 
1 (i) y=0:36x+5 (ii) y = 1:73x —4 
(ill) y = 1-19x (iv) y = 2:75x 


= 5x (ii) 3x +2y =0 


) 
2 (i)y 
Jy=}x-3 (iv) y= —2 


(iii 
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3 (i) Slope 4, intercept —2 
(ii) Slope —1, intercept # 
(iii) Slope 4, intercept 0 
(iv) Slope 0, intercept 6 
y2—)1 


X2—%X4 





4 Slope is 


Exercises 18b 





1 (i) 7y—2x-11 =0 (ii) y + 3x — 16 = 0 
(ili) y+ x —3 =0 (iv) 2y+ 3x —11=0 
(v) 2x + 5y + 10 =0 (vi) y+ x—6/2 =0 
G29 a 3.15 

> uae Lae = = 

=—§ 3. Ga?” 38" 4/84 


5 2 5 31 a4 ai 
Be) Sa =1 
2 Jag? + 739% = yap 8 Ho 

4 xcosa+ysina=a 
§ 8d=a+4+90°(0<a<7n/2) 
6 = 90° — a(—n <a <0) 





3m= 


Exercises 18c 


1 (—1, —1) 
2 (a) (2, 3) (b) (23, —3) 


ab ab 
(c) [ay aaa (d) (2, 8) 
(i) and (iii) are coincident 

k = 5,k = 3, lines(ii) and (iii) are parallel; k = 6, lines (i) and (ii) are parallel 
7x+4y =0 

k = 5S, the point (3, 4) 

5x + 7y—35<0 

4x —1ly —28 <0 

14x + 3y +68 >0 


3 
4 
5 
9 
10 


Exercises 18d 


1 (a) 8°8'  (b) 75°32’ = (c) 90° (d) 90° 
2 2x —3y+8=0 
3x+y—5=0 
4 75° 
5 ABy—2x+3=0, /20 
BC 2y + x—9 =0, /20 
CA y + 3x — 22 = 0, /40 


Exercises 18e 


1 (a) 65 (b) —$ (c)3 (d) 43 
2 438 opposite side to the origin; — 25 same side as origin 
3 No, it is one of the excentres 


Answers 


Exercises 18f 


1(a)y+x=0 (b)x+4y+3=0 (c)2x+3y+1=0 
2 2x —6y +17 =0, 6x +2y + 11 =0 

4 2y+3x =0, y—2x =0 

§ (a) 14x -—21ly+95=0 (b)7x+14y —33 =0 


Exercises 18 


1 (a) PQis y+4x-—4=0 
QR is 7y +2x+24=0 
PR is 3y—x+1=0 
(b) 2y—7x+7=0 (c) y+3x-—2=0 
(d) G4, -—15) (e) 13 square units 
2 2y = 4x — 13 
4 (a) 4x +3y—39=0 (b) 3x —4y+2=0 
§ 2y—x-—9=0, y+2x+2=0 
are eee 1 5 a 4 20 
4° —5 °° Yar~ Jai? Jal 
k = —4, three distinct lines through the point (—2, — 1) 
k = 2, three coincident lines 
k = —2, two of the lines are parallel 
7 


a 
11 x, ape + by, +c), yi — (ax, + by, +c) 


a? + b? 
12 2x+y=2 

13 3(BC? + CA? + AB?) 

14 mym,m,m, = —1 

15 7y —3x + 102 =0 

17 Outside 


—2k ok k 
18 Bi ——, —- = = 
( 3 *) (5 k) locus x + Sy =0 
19 3x -—y=3,x+3y=11 

x—-h y-—k 
20. = 

a b 

22 15x + 8y = 85 
2 k=30rk= —3 
25 (2, 2) 
26 3x +2y = 13 
27 xcos2a+ ysin2a = 2pcosa 
28 y = 2x —x? 
29 (a) —3and 3 —(b) (5, 1), (5, 3) 
30 a,b xc, —a,b3c, +a b3c, — a,b,c, + a3b,c2 —axb.c, => 0 
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Chapter 19 


Exercises 19a 


1 (i) x? + y? —6x — 14y + 33 =0 
(ii) x? + y? + 6x + 14y +22 =0 
(iii) x? + y? — 10x = 0 
(iv) x? + y?+6y—7=0 

2 (i) Centre (—1, —3), radius 2 
(ii) Centre (—3, —3), radius ,/21/6 
(iii) Centre (3, 0), radius } 

(iv) Centre (0, 3), radius 2 
(v) Centre (a, —b), radius \/(a? — b?) 
(vi) Centre (—a, a), radius \/2a 

3 x? + y?— 14x + 12y—15=0 

4 x?4+ y?-3x—y—-2=0 

5 x?+y?-6x+4y+11=0 

8 x24 y? — 26x — 26y + 169 = 0 

9 y+ 4x—-—13=0 

10 x?+y?—5x—-y+4=0 


Exercises 19b 


1 x?+y?—10y=0,r=5 

2 x? + y?— 11x —7Ty + 30 =0, r =3/2 
3 x?+y?—5x-—y+4=0,r =4,/10 

4 2x? + 2y2 4.x —Iy—1 =0,r = 4/130 
5 x? + y? + 3x —3y — 38 =0,r =4,/170 


Exercises 19c 


1 3x+ 4y—45 =0 2 7x —9y +59 =0 
3 1lx+7y+91=0 4 1Sy-—8x-56=0 
5 x+y— 14 = 0 is the equation of the common tangent 


Exercises 19d 


1(i)t=3Y5 (i) t= (43 
2 A is inside, B outside, C is on the circle 
3 k=80 
4 (1, 2), (—1, 4) 
5 1Sy—8x = +289 
6 5y—3x =0 
8 (i) (10, 2) (ii) 2 units 
9 (i) 2, (1, 3) (ii) (6, 3), (—2, —1); x? + y? — 23x 4+ 36y—15 =0 
10 x? + y?— 10x —6y+ 9 =0, 15y + 8x =0 


Exercises 19 

1 x? + y? — 10x — 10y + 25 = 0; (8, 9) or 
x? + y? — 60x — 60y + 900 = 0; (12, 6) 

3 4x —3y +6 =0; 4x —3y—14=0 


Answers 


Centre (3, —1) and radius 1; centre (— 1, —5) and radius 5 
c= 12 or —38 
acos 6, asin 0) 
y=mx+ 18, — 
ar 1, ae tan@ = 2 

5), \/45; (1, 0), ), /5; 50; 3/2 
11 68.6 —2) 
12 x? +7, — 4x —S5y+4=0, 9y+ 40x =0 
13 x? +), +4x—4=0, centre (— 2, 0), radius 2,/2, x? + y?—28x-4= 
15 x? +y¥ {ox by = 0, x? + y? — 12x — 16y + 80 =0,x + y—8 =0 
16 3x? + 3y? tee 
17 cage 9 =0;(—1, —3), $3 — 38); x7 + y? +4x+4y+24=0 
18 23 units 
19 2 units 
21 (i) x? ++y?—7x+19y+70=0 (ii) 1:5; 4 
23 p=, 9 =3,(2, 1) V5 
25 x*+y?=1 
26 (i) (—48, 44) (ii) 4x +3y +7 =0 (iii) 124, square units 
27 (2, 1), 1; y = 0 and 3y — oats (249, 245) 
28 (—1, 0), me 0), +3, 0, - 
29 (91 — 92) 24+ -hy Fate. +f? — cy) 4 J (927 + fo? —¢,)]? 
30 x? + y?—4x — 6y — 12 = 0, 3x + 4y— 43 = 0, (-1, -1) 


4 
5 
6 ( 
7 
8 ( 
o(= 


Chapter 20 


Exercises 20a 


1 (i) (2, 0), x 
(ii) (—6, 0),.x 


— 

=: 

= 

— 

P| 

| s 

pn 

S 
«x Iw xe if 
Hy ny 
wn WAH OE PO 


2 (2, 0) 
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0 


3 Relative to axes horizontally and vertically through the lowest point of 


the rod; x? = 360y 
4@y=x4+l y= —-x+3 
(ii) x = y—3, y= —x-9 
§ (27, —18) 
6 (i) y? = 10x+2y+4 
(ii) x? — 2xy + y?+8x + 8y—16=0 
(iii) 16x? — 24xy + Dy? + 118x + 174y + 316 =0 
8 (24, —24) 


Exercises 20c 
2 1 unit 
3 Tangent y — tx + 3t? = 0, normal ty + x = 6t + 3t? 
4 y? = 4ax + 9a? 


500 Answers 


Exercises 20d 


1 a=5,b=4, y=5x 
3 A=O0or #, x -—y+1=0, —25x + 10y-—4=0 
4 y? = 2a(x — a). Vertex (a, 0), focus (3a/2, 0) 


Exercises 20e 


2 2 
Semi-major axis 5, semi-minor axis 3; 9 + x =1 

— 5)? — 2)? 
10 2H 3b SS Stor g a) OO Os 


1 
9 5: 





Exercises 20f 


Ilx+y=5,x-y+1=0 
2 2x + Sy = 12, 5x—2y=1 
3 by — ax = 2ab, ay + bx = a* — b? 
4 y=2x+/14 
S y=2xt6 
6 y=3x+7 
x? y? 
10 +33 1 


Exercises 20g 


1 ~ cos0 + sind = 1 
a b 


Exercises 20h 
1 2x + 3y = 12, 2y —3x 


2 ab 


I 
+ 
< 
NS 


a? fe b? = 
4x? © dy? 
6e=17 8 x, = ae” —4ae76? 


1fb  at—b? . 
10 Centre lo (aea- b sin 0) | 


Ree ae mea ee 
ra US and b 








Answers 501 


Exercises 20i 
3/3, (£3,/3, 0), x = +3./3 
4 


S 
SOS 
BSS 
w= 
< 
| 
+ [+ 
OOO 


RMA AO 
tou wu wot 
S 
bad 
Il 
I+ | 
oft 


ofS 
= 


i) NAM AWN = 
nS 
I+ 
< 
Ww 
ra 
< 
Il 
+ 
Wh 
w 
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N 
Nn 
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Exercises 20j 

1 /3x—y=./3, x + /3y = 13 

4 a?l? — b?m? =n’, al? + b?m? = n? 
5 bx(t? + 1) —ay(t? — 1) = 2abt 

10 8x —9y = +5, (+4, +3) 


Exercises 20k 


1 (i) y= +§x; 0, +2) 
(ii) y = 43x; (+2, 0) 
2 —b/a<m<b/a 


3 (i) xy = 16 (ii) xy = —1 

(iii) (x — ly =9 (iv) (x + 1I(y—1) = -4 
44y+x=8 y—4x+15=0 
5 x+t?y=2t 
6 2x-—y =3, 2y+x =4and 2x-—y = —3, 2y+x = —4 
8 y=x 


9 4x —3y = +7, (4, 3) and (—4, —3). 7 square units 
n 2c? 
(5. =) 


Exercises 201 


1 2xy = k? (rectangular hyperbola) 

2 y= 2c*/a 

4 m*(xo2 — 1) — 2xpyom + Yor + 4 = 0 

5 When P is a point of intersection of the two curves, the normal to 
xy = c? is a tangent to x? — y? = a?. Hence the curves cut at right angles. 


Exercises 20 


1 y? = 16a(x + 2a) 3 y? =a(x —a) 
c(l+t?) c(1+t?) 


6 (i)x=0 (ii) 2y? = 9ax 7 ; ; ; 
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(i) 4a (ii) y? = 2a(x — 4a) 12 T(—3, 2), M(3, 4), N(—1, 0), 1 


9 

3 y* = a(x — 3a) 

6 [2a + a(p? + pq +47), —apq(p + 9)], y* = a(x — 3a) 

17 y? = 4a(x — a) 18 ky — 2ax = 2ah 
2,2 2 

2,/(a?m +2 ) 2 126 

J(Ul+m’) °3 

21 y + tx = 2at + at?; (2a + at?, 0) +,/3, +,/15 

23 (2a, 2,/2a) 

24 0°, 60°, 360°; (2, 0), (1, 3) 

25 y=mx+4—-—3m; /8, /40;4 


19 arctan 3 20 


Chapter 21 
Exercises 21a 
1 1:25 2 5:96 4 4:73 
§ 0:59 6 1:26 7 —1:75 
8 0:66 9 0:6, 0-643, 0-653, 0-656, 0-657 to 3 decimal places 


10 0:5, 0878, 0-639, 0:8027, 0:6947, 0:768, 0°719, 0:7523, 0-7300, 0:745, 0-735, 


0-742, 0-737, 0°740, 0-738, 0:739 


Exercises 21b 

1 1:2542 2 0:7809 3 0:5885 
4 0:7391 5 0-5804 
Exercises 21c 

1 0:994 2 5-683 3 1:195 
4 0-348 5 1-283 


Exercises 21d 


1 1-000, 1 2 1:0986, 10986 3 1:106 
4 15:59 5 20 200m? 
Exercises 2le 
2 I/p 3 y=5+03x? 
4y=1-4,c = 80 5 d =00375v? 
Exercises 21 
1 3:264 
2 x? — 12x? + 32 =0, 1:769 
3 1:196 4 7-40, 2-68 
5 0:75 6 2r+4p 
7 1:33 8 a=40,n=3; (a) 483 


9 2a°h + 2ah? + 2h 10 1-163, too large; 1-147 


(b) 4:82 
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11 3-1415, x. 12 3-67 
Agreement to 7 decimal places 
13 a= —5,b=03 14 42-02; a = 1-15, b = 8:2 
15 0:187 16 0-95 
17 1:52 18 k=4,n=1:5 
19 0-478 20 2:34 
21 2:2789 22 4-454 
23 0:2618, 757 24 1-718 28, 2:1 (2:08) 


25 a=20,n = 25 


Chapter 22 
Exercises 22a 


1 Scalars: (a), (b), (c), (g), (h). Vectors: (d), (e), (f), (j). 
2 (a) and (d) are equal and opposite; (a) and (e) represent two or more vectors. 
3 (a) 105° (b) 30° (c) 105° 
(d) F, and v.; v, and v2 
F, and d; F; and v, 
(e) F, and F3; F; and », 
5 12:5km at an angle arctan (3) E of N 


Exercises 22b 


13N,2N 2 |Q| = 12 3 6N, 12N 
4 arccos(—4-) = 98°13’ § 14-2 units, N 169° 11'W 


Exercises 22c 


2 (a)2 (b)5 (c)4 (d) 464 (ce) 295 (f)5 
3 aand bare parallel and in the same sense 
4 120° 

5 (a)c—b (b)a—b (c)d—b (d)c-—a 

6 (a)b—a (b)c—b (C)at+e-—5b (d)a-—c 


Exercises 22d 


1 Yes 3 PA = Ha+5) 
4 (ii) Ha+b—c) (iii) Ha—b+ 0c) 

§ (i) lla+e (ii) —a—9b (iii) 3a + 9b + 34c 

6 Yes 


Exercises 22e 


—4 1 
1 (i) ‘ (ii) \/20 (iii) | | (iv) ,/58 
-1 


—10 


P] ose ef] om a[Y 
2 (i 0 (ii) 5/2 iit)-| 2 (iv) —| 1 
3 2 Wee 
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3 d= 3a— 26+ 4c 
4 d=3a—4b—-4c 
5 c =3a—2b 


Exercises 22f 
1 (i) -2 (ii) —(9/,/ 14) 2 arccos(—4) 
3 p=7,4 =8; d= (2i—-+h)/3; 6 = (6+ 3 + 4h// 26; 
c = (11i+ 7 — 8k)/3,/26 
5 Either b =c or a is perpendicular to b—c 
65N 8 p= —27,q= —16 
9 (i) -1 (ii) —32 (iii) 0 
10 (i) 1344+ 137 (ii) 8 (iii) 9 (iv) 10¢— 2j + 2k 


Exercises 22g 
2r=[(q+ 6+ (3—@jit(q +9)kI/(q + 3); 4 = —4 


2 2 
> = 
4 AB= 1}, AC=]2 
—3 2 
5 OA = 3, OB = 11; area = 4,/17 


Exercises 22h 


1 3§+ 5j—7k 
2 p= —2;4¢-j+h) 
3 30° 


fo) BU 


(3+ 2t,2+2t,1-—t) or (5+ 2s,4+ 2s, —s);t= —1 
(1, 0, 2) 
§ (2, —1, 3), arccos (16/21) 


Exercises 22i 


1 arccos (+4) 
2 Because their normals are in the same direction; 3 units 


2 
3r.'| —6] = 121 
9 


a 
™ 
C —— N 

| 
NN 
_———— | 

ll 

| 

Nn 
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Exercises 22 


2 60° 

3 —a, b, —(a+ 5) 

4(i)—9a (ii) Sa + 2e 

5 The altitudes of a triangle are concurrent 


7 All three are —3. The four points A, B, C, D are coplanar and OD is 
normal to the plane. 


=3 8 
9a=| -5 10 = 11 
2 —21 


0 8 
12 r= [= + | > NG 4 456 % 3) 


4 4 
13 (r—a).n=0 
14 (a.a@)aé 
1 1 
156 u= —2,v=1;Lisr= | —1 |] +¢r]| —2 
1 1 


8 
16a=1,b=—3;a= [s]ivi 
1 


Index 


Abscissa, 325 
Acceleration, 
constant, 136 
definition, 177 
forms for, 199 
acos6+ bsin 0, 108 
acos 6+ 6sin 6=c, 128 
Addition formulae, 100 er seq. 
Addition of vectors, 430 
Algebraic numbers, | 
Angle, 
between lines, 355 
between planes, 455 
between vectors, 429 
measurement of, 82, 88 
Approximations, 
by binomial theorem, 53 
of sin 6, cos 6, tan 6 for small 6, 115, 116 
using derivatives, 201 
using Maclaurin’s series, 229 
arccos x, 112 
arcsin x, 112 
arctan x, 112 
Archimedean spiral, 342 
Area, 
between curves, 285 
of cardioid, 300 
in polar form, 298 
positive and negative, 286 
of triangle, 140 
in terms of co-ordinates, 333 
under curve, 252, 283 
Argand diagram, 66 
Arithmetic mean, 11, 33 
Arithmetic progression, 33 
sequence and series, 33 
Asymptotes, 216 
of a hyperbola, 402 
Axes, 354 


BASIC programs 
Newton’s method, 416 
Simpson’s rule, 421 

Binomial coefficients, 47 


Binomial theorem, 45 et seq. 
approximations, 53 
n, a positive integer, 45 
n, not a positive integer, 52 
proof of, 50 


Cardiod, 342 
area of, 300 
Cartesian co-ordinates, 325 
change of origin, 339 
distance between two points, 328 
interior, exterior division, 330 
loci, 334 
transformation to polars, 326 
Centre of gravity, 294 
of circular arc, 295 
of hemisphere, 298 
of sector, 297 
Circle, 
equation of, 366 
on given diameter, 367 
parametric equations, 336 
points of intersection with a line, 372 
polar equation, 335, 341 
tangent to, 370 
length of, 371 
through three non-collinear points, 369 
Co-domain, 153 
Collinear points, 333 
Collinear vectors, 437 
Complex conjugate, 63 
Complex numbers, 60 
equality of, 62 
geometrical representation, 65 
imaginary. part, 62 
modulus, 66 
real part, 62 
rules for, 62 et seq. 
Conjugate pairs, 71 
Continuous function, 156 
cos (A + B), 101 
cos 2A, cos 3A, 103 
cos C+cos D, 106 
Cosine formula, 135 
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508 Index 


Cube roots of unity, 72 


Ellipse (cont.) 
Curve sketching, 214 et seq. 


normal to, 392 
parametric equations, 394 
points of intersection 
with a line, 393 
tangent to, 392 
Equation, 
of bisector between two lines, 362 
of circle, 366 
of curve, 334 
of line, 349 et seq. 


Decreasing function, 207 
Definite integral, 252 

as area, 252 

as sum, 252 

change of limits, 267 
Degree, unit of angle, 88 
Derivative see differential coefficient 
Determination of laws, 422 
Differential coefficient, 162 


application to kinematics, 189 
in approximations, 201 

of a constant, 170 

of a difference, 171 

of a function of a function, 179 
of a product, 171 

of a quotient, 174 

as a rate measurer, 197 

of a sum, 171 

of exponential functions, 225 
of implicit functions, 189 

of inverse functions, 185 

of logarithmic functions, 222 
of parametric equations, 192 
of trigonometric functions, 176 
ofx”, 183 

second and higher, 177 
standard forms, 194 


Equations, 
complex roots, 71 
quadratic, 12 
simple, 2 
simultaneous, 3 
solution of, et seq., 411, 415 
useful techniques, 2 et seq. 
Explicit function, 154 
Exponent, 20 
Exponential function, 
derivative, 225 
series, 233 
External division, 330 


Factor theorem, 13, 15 
Focus, 
of ellipse, 389 
of hyperbola, 398 
of parabola, 378 


Differential equations, 304 
applications to mechanics, 306 
first-order, variables separable, 310 
formation of, 307 
general solution, 304, 313 
particular solution, 304 
second-order, d? x/dt? = kx, 313 

Director circle, 394 

Directrix, 
of ellipse, 389 
of hyperbola, 398 
of parabola, 378 

Discontinuous function, 156 

Discriminant of a quadratic, 77 Geometric sequence and progression, 36 

Distance between points, 328 Geometric series, 36 

Domain, 153 limit, 38 

Dot product, 442 Gradient, 
of a chord, 159 
of a tangent, 160 

Graphical solution of equations, 411 


Function, 152 
continuous, 156 
discontinuous, 156 
explicit, 154 
graph of, 156 
implicit, 154 
inverse, [54 
Maclaurin’s series for, 230 
maxima and minima, 207 
of a function, 179 
rate of change of, 157 et seq. 


Geometric mean, 11, 36 


e as a limit, 223 

as a series, 234 
e* as a series, 233 
Eccentricity, 

of ellipse, 389 

of hyperbola, 398 

of parabola, 378 
Eliminant, 6 


Hero’s formula, 141 
Hyperbola, 398 
asymptotes, 402 
equation, 398 
latus rectum, 399 
Elimination, 6 normal to, 400 
Ellipse, 389 rectangular, 404 et seq. 


axes, 390 tangent to, 399 
eccentric angle, 390 


equation, 389, 390 
latus rectum, 391 


Implicit function, 189 
Increasing function, 207 


Indices, 20 et seq. 
Inequality, 7, 11 
Infinite geometric series, 38 
Integers, | 
Integrals, standard forms, 242, see also 
definite integral 
Integration, 241 ef seq. 
applications, 249 
by change of variable, 263 
exponential function, 225 
five important rules, 245 
logarithmic function, 274 
by parts, 273 
rational functions, 275 
by substitution, 263 
as summation, 250 
trigonometric functions, 271 
trigonometric substitution, 269 
Internal division, 330 
Intersection, 
of line and circle, 372 
of lines, 352 
Intercept form for line, 349 
Inverse function, 154 
derivatives, 185 
Inverse trigonometric functions, 112 
derivatives, 186 
Irrational numbers, 1 


Kinematics, 199 


Latus rectum, 
of ellipse, 390 
of hyperbola, 399 
of parabola, 379 
Length of tangent to circle, 371 
of perpendicular to a line, 358 
Limits, 162 
Linear interpolation, 142 
Loci, 
cartesian co-ordinates, 334 
points of intersection, 337 
polar co-ordinates, 335, 340 
Logarithmic differentiation, 227 
Logarithmic function, 222 
Logarithms 
calculation of, 235 
definition, 23 
rules for, 23, 24 


Maclaurin’s series, 231 

for cos x, 232 

for e**, 233 

forlog. (1 + x), 233 

for sin x, 231 
Magnitude of a vector, 428 
Major axis of ellipse, 396 
Mathematical induction, 56 
Maxima and minima, 207, 208 
Means, 

arithmetic, 34 


Index 


Means (cont.) 
geometric, 36 
various, 288 
Minor axis of ellipse, 390 
Modulus, 10, 66 
of a vector, 428 
Multiple angle formulae, 103 ef seq. 


Negative side of line, 353 
Newton’s law of cooling, 305 
Newton’s method, 414 
Normal, 

to curve, 204 

to ellipse, 392 

to hyperbola, 400 

to parabola, 381 
Numbers, representation, 2, 65 
Numerical integration, 417 

Simpson’s rule, 418 

trapezoidal rule, 417 
Numerical methods, 411 ef seq. 


Ordinate, 325 
Orthogonal trajectories, 308 


Parabola, 

directrix, 378 

equation of, 378 

focus, 378 

latus rectum, 379 

normal to, 381 

parametric equations, 384 

points of intersection with line, 383 

tangent to, 381 
Parallelogram rule, 431 
Parametric equations, 

differentiation of, 192 

of circle, 336 

of ellipse, 394 

of hyperbola, 400 

of parabola, 384 
Partial fractions, 16 

use in approximations, 54 

use in integration, 260 ef seq. 
Pascal’s triangle, 45 
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Perpendicular distance of point from a line, 358 
Perpendicular form of equation of a line, 351 


Plane, vector equation, 451 
Points of inflexion, 212 
Points of intersection, 
of line and circle, 372 
of line and ellipse, 393 
of line and parabola, 383 
of loci, 337 
Polar co-ordinates, 325 
area, 298 
distance between points, 329 
loci, 335 
transformation to cartesians, 326 
Polar equations, 340 
Polygon rule for vectors, 431 
Polynomial approximations, 229 


510 Index 


Position vectors, 446 

Positive side of line, 353 

Progressions, 
arithmetic, 33 
geometric, 36 


Quadratic equations, 2 
discriminant of, 77 
relation between roots and coefficients, 82 
solution of, 77 
sum and product of roots, 83 
type of roots, 77 

Quadratic function, 79 
graph of, 80 
sign of, 81 

Quotient, 13 
derivative of, 174 


Radian, 88 

Radius vector, 325 

Rate of change of function, 157 
Rational numbers, 1 

Real numbers, 1 

Rectangular hyperbola, 404 
Remainder, 13 

Remainder theorem, 14 

Root mean square value, 290 


Scalar (dot) product, 442 
Scalars, 428 
multiplication by vector, 435 
Second derivative, 177 
Sequences, 30 
Series, 
arithmetic, 33 
exponential, 233 
general, 31 
geometric, 36 
infinite geometric, 36 
logarithmic, 234 
Maclaurin’s, 231 
Simple harmonic motion, 307, 316 
Simpson’s rule, 418 
sin(A + B), 101 
sin 2A, sin 3A, 103 
sin C + sin D, 106 
Sine formula, 134 
Skew lines, 457 
Small angles, 115 
Solid of revolution, 291 
Solution of equations, 2 et seq. 
graphical, 411 
by Newton’s method, 415 
Solution of triangles, 134 
Speed, 177 
Stationary point, 208 
Straight line, 
general equations, 345 er seq. 
perpendicular distance from a point to a 
line, 358 
perpendicular form of equation, 351 


Straight line (cont.) 
polar equation, 340 
positive and negative sides, 353 
two lines, 
angle between, 355 
condition to be perpendicular, 357 
point of intersection, 352 
third line through point of 
intersection, 360 
vector equation, 449 
Submultiple angle formulae, 104 et seq. 
Subtraction of vectors, 430 
Sum, 
arithmetic series, 33 
geometric series, 36 
of positive integers, 35 
to infinity, 38 


tan(A + B), 101 
tan 2A, tan 3A, 103, 104 
Tangent, 

to circle, 370, 373 

to curve, 160, 204 

to ellipse, 392 

to hyperbola, 399 

to parabola, 381 
Transcendental numbers, | 
Transformations, 

cartesians to polars, 326 

polars to cartesians, 327 
Trapezoidal rule, 417 
Triangle, 

area of, 140 

cosine rule, 135 

sine rule, 134 

solution of, 136 et seq. 
Triangle rule for vectors, 431 
Trigonometic equations, 120 et seq. 
Trigonometric functions, 

addition formulae, 100 

approximate values, 115, 116 

differentiation of, 176 

factor formulae, 106 

graphs, 97 

integration of, 271 

inverse, 112 et seq. 

multiple and submultiple angle formulae, 

103 

relationships, 90, 91 

signs of, 94 
Turning point, 208 


Variables, 152 
Vectors, 
addition and subtraction, 430 
angle between two, 429 
bound, 446 
collinear, 437 
components of, 438 
column, 440 
coplanar, 437 


Index 511 


Vectors (cont.) projection of one on another, 443 
equality of, 428, 438 resolution of, 437, 438 
equation of a line, 449 resultant of, 430 
of a plane, 45) scalar (dot) product, 442 
modulus, 428 unit, 428, 433 
multiplication by a scalar, 435 vectorial angle, 325 


position, 446 Volume of solid of revolution, 291 et seq. 


